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Abstract
Among other things, the high speed of sharks is caused by reduced friction between water and
skin due to riblet structures on the shark scales. When using a surface with riblet structures, the
turbulent momentum transfer at the wall, which is responsible for the skin friction, is hampered.
This works for all turbulent flowing fluidic media such as liquids and gases. The effect of drag re-
duction has already been used for airfoil wings that were laminated with polymer based riblets. A
reduced flow resistance was obtained, resulting in less fuel consumption. A potential new appli-
cation field for riblet surfaces are blades and vanes for aeroengines. Riblet structured coatings on
the blades would act as oxidation and corrosion protection and additionally reduce the skin drag
on the surface. The reduced friction of the air flow would lead to higher efficiencies of engines.
This dissertation deals with the fabrication, oxidation and characterization of riblet structures
with micrometer dimensions for aerodynamically optimized high temperature applications.
First, the necessary riblet sizes were calculated for the different areas in the aeroengine. The
size of the riblets depends on the surrounding conditions, namely the velocity, temperature and
pressure of the flowing gas. The necessary riblet sizes for compressor inlet, compressor outlet,
turbine inlet and turbine outlet were calculated on the basis of one example aeroengine. Cal-
culations show that riblet sizes on blades and vanes for aeroengines vary between single-digit
micrometers up to several tens of micrometers, depending on local temperature, pressure and gas
velocity.
For studying the general oxidation behavior of the riblet candidate materials, different coating
materials such as titanium, nickel, chromium, aluminium, silicon and platinum were deposited on
high temperature substrate materials such as nickel and titanium based alloys and were oxidized
at various temperatures between 400 and 1000 °C, depending on a later application in compressor
or turbine.
Based on the calculations of the necessary riblet dimensions, the feasibility of various methods
for the fabrication of riblet structures was investigated. As riblet fabrication methods direct struc-
turing methods such as laser material removal and diamond cutting were investigated as well as
structuring methods via a mask. As masks metal masks and resist masks were applied. Different
coatings were deposited via thermal evaporation, sputter deposition and electrodeposition. For
the direct structuring, best results were obtained via laser structuring. Photolithography and sub-
sequent electrodeposition of nickel showed the best results for the structuring methods with the
help of a mask. All tested riblet fabrication methods were evaluated concerning their applicability
for structuring parts in aeroengines.
The fabricated riblets were oxidized between 900 and 1100 °C for simulating the high applica-
tion temperatures. The structures were still intact after oxidation.
The effectiveness of the riblet structures was exemplarily tested for one as-fabricated riblet
design. An scaled-up model was measured in an oil channel for determining the reduction of the
wall shear stress. The measured riblet design showed a significant wall shear stress reduction of
up to 4.9%.
Therefore, this doctoral thesis identifies and evaluates possible methods for the design and
development of effective riblet structures for high temperature applications such as for parts in
aeroengines.
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Kurzfassung
Die hohen Geschwindigkeiten von Haien lassen sich unter anderem mit der reduzierten Rei-
bung zwischen ihrer Haut und dem Wasser erklären. Dafür sind Ribletstrukturen auf den Schup-
pen des Haifisches verantwortlich. Bei der Verwendung einer mit Riblets strukturierten Ober-
fläche wird der Anteil der turbulenten Impulsübertragung mit der Wand, welcher die Ursache
für den Reibungswiderstand ist, vermindert. Dies gilt für Fluide, wie Flüssigkeiten und Gase.
Der Effekt der Verminderung des Reibungswiderstandes wurde bereits erfolgreich auf Flugzeug-
tragflächen, welche mit Ribletfolien beklebt wurden, getestet. Es entsteht ein reduzierter Stö-
mungswiderstand, was einen geringeren Treibstoffverbrauch zur Folge hat. Eine neue Anwen-
dung für Riblet-strukturierte Oberflächen können Lauf- und Leitschaufeln für Flugzeugtriebwerke
sein. Beschichtungen für diese Schaufeln, welche mit Riblets strukturiert sind, fungieren als
Oxidations- und Korrosionsschutz und bieten zusätzlich eine Reduktion des Reibungswiderstand
auf der Oberfläche. Die reduzierte Reibung der Luft würde zu einer höheren Effektivität der
Triebwerke führen.
In der vorliegenden Doktorarbeit wurden die Herstellung, Oxidation und Charakterisierung von
Ribletstrukturen im Mikrometerbereich für aerodynamisch optimierte Hochtemperaturanwendun-
gen untersucht.
Zunächst wurden die notwendigen Ribletgrößen für die unterschiedlichen Bereiche im Trieb-
werk berechnet. Die Größe der reibungsreduzierenden Riblets hängt von den Umgebungsbedin-
gungen wie Geschwindigkeit, Temperatur und Druck des strömenden Gases ab. Die notwendigen
Ribletgrößen für den Kompressoreinlass, Kompressorauslass, Turbineneinlass und Turbinenaus-
lass wurden auf Grundlage eines Beispiel-Flugzeugtriebwerkes berechnet. Die Berechnungen
zeigen, dass die optimale Ribletgröße auf Triebwerksschaufeln je nach lokaler Temperatur, Druck
und Geschwindigkeit des Gases im ein- bis zweistelligen Mikrometerbereich liegen.
Für die Untersuchung des generellen Oxidationsverhaltens von möglichen Materialien für die
Ribletherstellung wurden Titan, Nickel, Chrom, Aluminium, Silizium und Platin auf Nickel
beziehungsweise Titan basierte Hochtemperatur-Substratwerkstoffe aufgebracht und bei Temper-
aturen zwischen 400 und 1000 °C, je nach späterer möglicher Anwendung im Kompressor oder
in der Turbine, oxidiert.
Auf Grundlage der durchgeführten Berechnungen für die notwendigen Ribletgrößen wurden
Ribletstrukturen hergestellt. Eine Machbarkeitsstudie für die Herstellung von Ribletstrukturen
mit unterschiedlichsten Methoden wurde durchgeführt. In der vorliegenden Arbeit wurden direkte
Strukturierungsmethoden, wie Lasermaterialabtrag und Diamantzerspanung, als auch Strukturie-
rungsmethoden mit Hilfe von Masken untersucht. Als Masken wurden Metallmasken und Lack-
masken verwendet. Durch thermische Verdampfung, Sputtern und galvanische Abscheidung wur-
den unterschiedliche Beschichtungen aufgebracht. Mit Hilfe der Methoden zur direkten Struk-
turierung wurden die besten Resultate mit der Laserstrukturierung erreicht. Die Photolithographie
mit einer anschließenden galvanischen Abscheidung von Nickel zeigte die besten Ergebnisse für
die Strukturierungsmethoden mit einer Maske. Alle untersuchten Methoden für die Ribletherstel-
lung wurden bezüglich ihrer Anwendbarkeit zur Strukturierung von Teilen im Triebwerk beurteilt.
Die hergestellten Ribletstrukturen wurden zwischen 900 und 1100 °C oxidiert, um das Ver-
halten bei hohen Anwendungstemperaturen zu simulieren. Die Untersuchungen zeigen, dass die
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Strukturen auch nach der Oxidation noch intakt sind.
Die Effektivität der Ribletstrukturen wurde für ein Ribletdesign im Ausgangszustand getestet.
Ein hochskalliertes Modell wurde in einem Ölkanal gemessen, um die Reduzierung der Wand-
schubspannung zu beurteilen. Die gemessene Ribletoberfläche zeigte eine deutliche Wandschub-
spannungsverminderung von bis zu 4.9%.
Diese Doktorarbeit identifiziert und bewertet damit mögliche Methoden zur Herstellung von ef-
fektiven Ribletstrukturen für den Hochtemperatureinsatz wie zum Beispiel für Teile im Flugzeug-
triebwerk.
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1 Introduction
1.1 Motivation
Within 4.55 billion years nature had a lot of time for optimization to specific needs and envi-
ronmental conditions, respectively. Humankind, who is on earth for only approximately 160,000
years, has been trying to learn and copy from nature, which has a giant advantage. The Chinese
tried to make artificial silk around 3000 years ago and also Leonardo da Vinci (1452 - 1519) tried
to copy nature, when fabricating flying machines [1].
Presently, the so-called field of biomimetics is a source for many different applications. One
of the first and most famous examples for biomimetics is Velcro. It was invented by Georges
de Mestral, who first investigated the mechanism of cocklebur sticking to the fur of his dog. He
realized that this is a reversible way of binding two materials together. In 1951 he submitted
his idea as a patent [2]. Another well-known effect from nature is the lotus effect, which is
widely used. The lotus leaf and the technological analogy (specially structured surfaces) have
a hierarchical micro- and nanostructured surface. Due to this specially structured surface, the
surface becomes superhydrophobic, causing a water droplet not to wet the surface. Dirt on those
surfaces can simply be washed away as a water droplet rolls on these structured surfaces, taking
the dirt with it. Those self cleaning surfaces are used as coating for facades of buildings and
self cleaning glasses, for example on speed cameras along highways. Dirt-repellent textiles are
another application field. The gecko also exhibits an interesting feature. The tiny hair on its feet,
with one hair having a diameter of 200 nm, make it possible for this lizard to attach onto almost
every surface, including walking on vertical walls or upside down. This adherence property is
widely studied for producing highly adhesive surfaces or sticking tapes, which are very strong on
the one hand and easy to remove on the other [3, 4, 5].
Beside many other exciting aspects from nature like the anti reflective moth eye, pond skaters
walking on water, spider silk which is three times stronger than steel or the polar bear which can
survive in the arctic cold due to its dark skin and white hair [1], the mechanism of nature’s way
of friction reduction and aerodynamical optimization is investigated world wide. Further detailed
information about biomimetics can be found in literature [6].
Because of the climate change and hence the necessary reduction of polluting emissions in
order to prevent the world temperature to increase, it is inevitable to investigate new technologies
as well as methods for decreasing the emission of the large polluters e.g. airplanes or industrial
plants. The minimization of emissions can also lead to the positive effect of better fuel efficiency.
In the case of airplanes a reduced emission can among other things be the result of fuel savings.
For these challenges, engineers also try to learn from nature in order to understand the physical
mechanisms and to adapt them suitably. Friction reducing mechanisms are one important topic to
investigate.
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One way to reduce wall friction is via the shark skin effect. Sharks were on earth even before the
dinosaurs. The oldest shark teeth found are approximately 420 million years old. The evolution
of sharks was already finished in the cretaceous period 65.5 million years ago. This shows that
sharks were perfectly developed quite early [7]. Sharks are fast swimmers with top speeds of
20 m/s [8] and one reason for this are tiny riblets on their scales. The riblet structure on the scales
interacts with the turbulent flow, reducing the skin friction. Using the friction reducing shark
skin effect on surfaces of ships, airplane wings or on blades of aeroengines has a lower energy
consumption as a consequence. Therefore, the surfaces should preferably have a riblet structure
similar to the riblets on shark scales.
1.2 Concept of this Work
This dissertation deals with the fabrication, oxidation and characterization of riblet structures as
aerodynamically optimized high temperature surface finishes for blades of aeroengines. The main
focus of this work is to identify suitable methods for the riblet fabrication with the necessary riblet
shape, described by Bechert et al. [9], and the subsequent characterization of the produced riblets.
Furthermore, the oxidation behavior of different coatings and riblets was investigated at different
temperatures for simulating the application in the aeroengine and analyzing the high temperature
resistance and stability.
The necessary riblet sizes in the different parts of the aeroengine were calculated. According
to the calculated values, riblets with a spacing of around 10 µm, which would be useful for the
compressor outlet and larger riblets with a riblet spacing in the range of 40 µm for the low pressure
turbine or the compressor inlet were chosen as target values for the riblet fabrication within this
doctoral thesis.
As substrate materials IN718, CMSX-4 and TiAl were used because IN718 and CMSX-4 can
already be found in the aeroengine and TiAl is used in the GEnx turbofan as low pressure turbine
blades and TiAl is additionally a promising candidate for compressor blades. Furthermore, silicon
was used as a model substrate for one of the riblet fabrication methods.
Some of the samples were coated with the alloy NiCoCrAlY because the oxidation analy-
sis of the IN718 substrate showed that this material exhibits poor oxidation resistance. The
NiCoCrAlY coating shows a good high temperature resistance and oxidizes slowly. Different
fabrication methods were investigated for producing riblets on the substrates in the size of a few
to several micrometers. The samples were structured directly with laser material processing and
diamond cutting. Additionally, riblets were deposited as coatings through a mask. As coating
deposition methods magnetron sputtering, electron beam evaporation and electrodeposition were
used. Coating layers of the elements Ni, Al, Cr, Si, Pt and Ti were applied via sputtering on top
of the NiCoCrAlY layer in order to investigate the different oxidation behaviors, to analyze the
adhesion of the oxide scales and to vary thickness and growth speed of the oxides. The possibility
of the development of a large variation in the oxide thickness between the additional coatings and
the NiCoCrAlY layer, can be used for the formation of the final riblet height during operation and
oxidation, respectively. Therefore, via using the right coating material for the riblet fabrication,
riblets which are small in height can be fabricated and will reach their final height after oxidation.
Nickel was additionally deposited via electrodeposition on CMSX-4, TiAl and a silicon model
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substrate and the oxidation behavior was investigated. For the riblet fabrication with the help
of a mask, physical vapor deposition (PVD) through metal and polymer masks was studied. As
coating materials for the PVD of riblets, Ni, Al and ZrO2 were used. Furthermore, nickel was
deposited via electrodeposition between polymer riblets, fabricated via photolithography. The
photolithographic structuring of a resist was performed on a silicon model substrate as well as on
IN718 with a NiCoCrAlY coating and on CMSX-4.
The fabricated riblets were oxidized at different temperatures and their change of shape as
well as oxide adhesion was investigated. In order to check the effectiveness of the skin friction
reduction of the produced riblet structure, the wall shear stress reduction was measured in an oil
channel for one as-fabricated riblet design.
The following second chapter gives background information on the mode of functioning of
the shark skin effect. In addition to this, previous technological applications will be stated. Fur-
thermore, the basics of coating formation and metal oxidation will be mentioned. The materials
and characterization methods used will be described in chapter three. Besides, this chapter deals
with the methods used for the fabrication of riblets for high temperature conditions. In chapter
four calculations were performed, which will estimate the necessary structure sizes for riblets in
aeroengines. Chapter five deals with the experimental fabrication of the riblets as well as the
oxidation of different coating systems and the fabricated riblets. The results are investigated and
discussed. Additionally, the results of a first aerodynamical test are shown and interpreted. At the
end of chapter five, the results are discussed and evaluated with regards to a possible fabrication
on blades and vanes for aeroengines and their stability during operation.
3
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2 Background
2.1 Mode of Functioning of Riblets
Turbulent flows which occur in most fast flowing systems increase the friction resistance. If a
surface is structured in the flow direction with riblets (see figures 2.3, 2.2 and 2.4) having the
correct dimensions, the wall shear stress can be reduced. The turbulent momentum transfer in
turbulent flows is responsible for wall friction losses.
Riblets do not work for every object in a gaseous or fluid flow. How effective riblets are depends
on the type of drag that exists. The main forms of drag in aerodynamics are skin friction drag,
form drag, induced drag and wave drag. Wave drag is the formation of shock waves in front of an
object moving at transonic and supersonic speeds. An induced drag exists when the flow facing
towards an object is redirected. The induced drag develops due to the lift of wings of airplanes.
The form drag, also referred to as profile or pressure drag, is the drag that depends on the form
of an object. Objects with a high cross section compared to their length will have higher form
drags than objects with a small cross section. Skin friction drag is the interaction and friction of
the fluid with the wall of an object [10]. Skin friction drag is the type of drag that can be reduced
when using riblets. Therefore, only for objects with a high proportion of skin friction, riblets are
useful. This means, the application of riblets for airplanes, ships or pipelines makes more sense
than riblets on automobiles. The airplanes, ships and pipelines have a high fraction of skin friction
and cars have a high form drag.
On every surface, which is exposed to a flow, a boundary layer develops. The flow structure
in the boundary layer is different than in the main flow area. Far away from the wall any fluid
behaves frictionless. The flow speed directly at the wall uw is zero. This leads to a velocity
gradient perpendicular to the wall. Depending on the flow properties, a laminar or turbulent
boundary layer exists. In general a boundary layer is first laminar at the leading edge of an
object and after a certain distance it changes at the point of transition into a turbulent boundary
layer. This is shown schematically in figure 2.1. The thickness of a boundary layer on a flat
plate increases with increasing distance from the leading edge of an object. The thickness of
the boundary layer decreases with increasing velocity of the flowing medium. The thickness
of the boundary layer is defined as this distance from the wall, where 99 % of the free-stream
velocity is reached. The thickness of the laminar boundary layer δl is according to Schlichting
and Truckenbrodt [11]:
δl ≈ 5 ·
√
νx
u∞
(2.1)
with ν as the kinematic viscosity, x the length coordinate of the boundary layer in x-direction and
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Figure 2.1: The boundary layer on a flat plate.
u∞ the free-stream velocity. The thickness of the turbulent boundary layer δt can be calculated
according to Schlichting and Truckenbrodt [11] to:
δt = 0.37x
(u∞x
ν
)−0.2
(2.2)
A turbulent boundary layer has always a viscous sublayer. This is a very thin layer in the vicinity
of the wall.
According to Schlichting and Gersten [12] the thickness of the viscous sublayer δv can be
calculated with the following formula:
δv =
50x
u∞x
ν ·
√
c f
2
(2.3)
with c f being the friction coefficient.
In the viscous sublayer of the turbulent boundary the momentum transfer between wall and
flow takes place. Turbulent oscillating velocities and low and high speed streaks exist. The low
speed streaks lead to ejections because slow fluid from the wall is carried into the main flow.
Simultaneously, fast fluid from the main flow direction is transported to the wall through fast
speed streaks, resulting in sweeps. Vortices form due to those effects. The described turbulent
momentum transfer and the interaction of the flow with the wall generate the turbulent wall shear
stress. Cross flows and the resulting turbulent shear stresses are created because of the sweeps
and ejections [10, 13]. Surface roughness or structures in the dimensions of the viscous sublayer
have no negative influence on the wall friction, they are hydraulically smooth. The existence of a
boundary layer is the reason for friction losses, which should be kept as low as possible. Riblets
are only useful in turbulent flows, while in laminar flow they increase the skin friction, because in
laminar flow, no viscous sublayer exists and hence, the riblets act as surface roughness, increasing
the friction. Ways to influence the turbulent boundary layer are to evacuate it or keep the boundary
layer laminar as long as possible because the laminar boundary layer has a lower shear stress than
a turbulent one [14, 15]. The wall shear stress τ is defined as:
τ = ρ u2τ (2.4)
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Figure 2.2: Schematic drawing of riblets aligned in the main flow direction.
with uτ being the wall shear stress velocity and ρ the density.
If a surface is structured with the optimal riblets in the right dimensions, with the correct height
to width ratio then the skin friction can theoretically be reduced up to 10 %, when the riblets are
along the flow direction (see figure 2.2). Riblets along the main flow direction can hamper the
lateral component of the turbulent momentum transfer (w’) in turbulent flows. First research on
the drag reducing effect of riblets was carried out in the 1970s due to the oil crisis. Researchers
at NASA Langley Research Center (USA) tested riblet structured surfaces with a zigzag profile.
At the same time the paleontologist Reif investigated the scales of sharks and found that fast
swimming sharks have tiny riblets on their scales, while slow swimming sharks do not. What
riblets on the scales of sharks look like can be seen in figure 2.3. The fast swimming sharks have
riblet spacings between 35 and 105 µm and the Reynolds number based on the length of the shark
is between 106 and 107. Together with the scientists Dinkelacker and Nitschke, Reif could prove
that the tiny riblets on the scales of the fast swimming sharks are responsible for reduction of drag
[6, 16].
When a surface is structured with riblets, the flow in the viscous sublayer is more hampered in
cross flow direction than in longitudinal flow direction because the flow is forced to stream in the
channels between the riblets. The impeded cross flow leads to a constricted vertical motion and
thus to a reduced shear stress and skin friction [16, 17].
Figure 2.3: Riblets on scales of fast swimming sharks (image of scales by courtesy of Electron Microscope
Unit, University of Cape Town).
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Figure 2.4: Shear stress for different riblet geometries [16].
It was empirically tested that the spacing between the riblets s should be around twice as large
as the height h of the riblets. This results in:
h
s
≈ 0.5−0.6 (2.5)
The spacing between two riblets is defined as the distance from riblet peak to riblet peak (see also
figure 2.4).
Bechert et al. [16, 18] found out the optimum of the dimensionless spacing s+ =15 - 17, de-
pending on the shape of the riblets. s+ is a function of the wall shear stress velocity uτ , the
kinematic viscosity ν of the flowing medium and the actual spacing between the riblets s:
s+ =
uτs
ν
(2.6)
Figure 2.4 shows a diagram of the friction reducing effect of different riblet geometries compared
to a normal smooth surface. On the x-axis the dimensionless spacing s+ is displayed and on the
y-axis the wall shear stress reduction ∆ττ0 =
τ−τ0
τ0 is given in percent. τ is the wall shear stress
measured for the riblet surface and τ0 is the wall shear stress of a smooth reference surface. This
difference of the wall shear stress ∆τ = τ− τ0, is referred to the reference surface. The reduction
of the wall shear stress depends on the riblet geometry. For the tested riblet geometries, a scaled
up and milled polymer plate was used [16]. The NASA riblets with the zigzag geometry could
be further enhanced. The best results could be achieved with sheet-like riblets with a very small
width, reaching almost 10 % of wall shear stress reduction. Also fairly good with 8 % reduction
but much easier to fabricate are riblets with trapezoidal grooves and an opening angle of 30°. The
riblet surfaces perform best when they are aligned parallel to the flow direction. Measurements
showed, the flow can differ from the parallel flow direction by 10 % and the drag reduction is still
achieved. Besides all those requirements for the best results, riblets also need to have a really
sharp tip to be as effective as possible [16]. The riblets on the shark skin are staggered due to
sharks having scales. It is technically more complicated to produce artificial staggered riblets.
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Furthermore, measurements of the wall shear stress reduction showed only a slight increase of
the drag reduction by 1.7 % compared to continuous longitudinal riblets [16, 18].
A plastic model surface of compliant shark scales with riblets was tested concerning the drag
reduction [19]. The surface consisted of 800 individual movable scales, so that different angles
of flow attack could be simulated. The achievable wall shear stress reduction was 3 % and thus
much lower than for the technical surfaces. It can not be excluded that the wall shear stress is
more reduced for the real shark since the model was only a mechanical copy. Furthermore, the
mucus on the shark skin might play a role for the drag reduction. Additionally, the skin has many
more functions for the shark than only reducing drag.
9
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2.2 Previous Research on Riblet Structured Surfaces and
Technological Applications
In various applications, artificial shark skin has proven to be effective. Different industries tried
to use the advantage of shark like riblets in their application field. Probably the best known ap-
plication by the public was the swimsuit with riblets. However, if those swimsuits really had
an advantage compared to normal swimsuits is not exactly clear. According to Matthews [20]
swimmers with riblet swimsuits could achieve faster swimming times compared to those wearing
conventional swimsuits. Nachtigall [6] expresses doubts about the large achievable drag reduc-
tion. Sanders et al. [21] state that the improvement with the new riblet swimsuits was very small
and most probably does not come from a reduced friction due to riblets. Proven successful ap-
plications for riblets in water are riblets on the hulls of boats and ships. Beside the effect of
reducing the drag, riblets have here another advantage. Small aquatic organisms can not attach
to the surface because of the structure in the micrometer regime. This explains also why sharks
have always a smooth and clean surface whereas whales, which do not have riblets, are covered
by tiny organisms. For ships, it also means that less energy is necessary for crossing the seas [22].
Again, riblet structured surfaces were also sucessfully used in sport competitions. Riblets were
used on the hull of the winning yacht of the America’s Cup in 1987 [10].
Saving energy is also a very important factor in aviation industry. On the one hand the resulting
lower energy costs make flying cheaper and more attractive and on the other hand fewer amounts
of fuel mean also fewer emissions, which is one step towards saving the planet. For commercial
aircrafts, riblet spacings need to be in the range of 60 - 90 µm. In 1996 there were first tests with
an Airbus 340 covered with riblets mainly on the wings of the airplanes. Special foils with a
riblet structure and a riblet spacing of approximately 60 µm made by the company 3M were glued
onto the airplane. For technical reasons, only 70 - 75 % of the airplane can be covered by a riblet
foil. However, the measurements showed that the friction was reduced. The observed skin drag
reduction was in the order of 5 - 8 %. This leads, with all other forms of drag taken into account,
to a total drag reduction of up to 3 %. A drag reduction in this range means for an Airbus 340
around 2.4 t less fuel for a long-distance flight and for an Airbus 380 this means approximately
4 t less fuel per tankful [8, 10, 16, 23]. The fuel costs amount to 30 - 40 % of the total opera-
tion costs [24]. This reduction makes flying more efficient in economical and ecological aspects.
Unfortunately, those riblet structured wings are not used yet. Right now it would be an addi-
tional working step in the whole airplane production and this is too costly. Another aspect which
should not be underestimated is the fact that not every airline wants to use this foil, because of
the optical appearance. An airplane covered with a riblet foil is reported to not look as aesthetic
as without [16, 25]. Hoferichter [8] claims that via the foils, the airplane gets heavier leading to
higher fuel consumption again. However, the few more kilograms due to an additional foil are
not much, compared to the 4 t of fuel that could be saved per tankful. However, there is a lot of
research going on in this area. There is a research group in the Fraunhofer Institute for Manufac-
turing Technology and Applied Materials Research in Bremen (Germany) that tries to structure
the coating of the wings during the coating process. Therefore, a flexible silicone die band with
the negative profile of the riblets rolls over the still ductile lacquer. Immediately afterwards the
lacquer is cured via UV radiation [8]. The silicone die band with the negative riblet profile was
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made of the already aerodynamically proven 3M films via casting. Further description can be
found in the patent WO 2005/030472 (A1) [26, 27]. Another research group at the Institute of
Metal Forming at the RWTH Aachen University (Germany) investigates the possibility of creat-
ing riblets on metal sheets with the help of rolling. The steel rolls were coiled with a steel wire
thus making the negative of the final riblet geometry. A possible application could be structured
aluminum skin on fuselage and wings of airplanes [28]. With this method, riblets with a spacing
of down to approximately 100 µm could be produced [29]. For the application more optimization
needs to be done for producing riblets with an even smaller spacing.
2.3 Riblet Fabrication for Aeroengine Applications
Not only can structuring the wings of airplanes reduce fuel costs but also structuring the blades
and vanes of aeroengines. Several research groups are trying to structure those partly high tem-
perature materials with different methods. Researchers work mainly on structuring fan and com-
pressor blades. So far, there were no tests with structured blades or vanes in aeroengines because
the large scale riblet fabrication on curved surfaces is not engineered well enough.
In general there exist two structuring possibilities for the fabrication of riblets on high tempera-
ture materials. These are first the direct structuring of the material and second the structuring with
the help of a mask. The different structuring possibilities are shown in figure 2.5. The structuring
without a mask is a direct structuring method and works with the help of material removal except
for the rolling process, where the material is formed into a certain shape via plastic deformation,
and casting.
At the Laboratory for Machine Tools and Production Engineering at the RWTH Aachen Uni-
versity (Germany) researchers work on structuring with a rolling process. Profiled rollers with
Figure 2.5: Potential methods to fabricate riblet structures on high temperature materials.
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a negative riblet structure are used. Turning with indexable inserts was used for structuring the
rollers. The profiled roller rolls then over a Ti-6Al-4V sheet [30]. Ti-6Al-4V is used for fan
blades and for blades within the first stages of the compressor [31]. A riblet distance down to
50 µm could be achieved [32]. However, the manufacturing process still needs to be improved for
industrial manufacturing.
In principle investment casting of blades and vanes with riblets is possible [33]. Riblets with a
height of 15 µm and a spacing of approximately 50 µm could be produced [34]. However, a lot of
optimization still needs to be done.
Possible material removal methods for manufacturing a riblet surface are milling, cutting or
laser material processing.
Berger [35] investigated manufacturing riblets via grinding and milling. Milling was superior
to grinding because sharper profiles could be obtained. Riblet spacings with 100 µm could be
achieved. In the end, milling turned out to be pretty expensive and the surface quality was still
not as good as expected.
A rather promising approach for fabricating riblet structured blades and vanes is with the help
of laser grooving. At Laser Zentrum Hannover (Germany) and at Lumera Laser in Kaiserslautern
(Germany) riblet structured surfaces were manufactured with the help of a picosecond laser. With
ultra short pulses the processed material bursts directly into the plasma state. This has the ad-
vantage that only the irradiated material is heated up and the thermal impact of the surrounding
material is almost avoided. The mechanical properties like hardness and wear-resistance can
be kept constant. The fabricated riblets are in the range of a few 10 µm. The Laser Zentrum
Hannover used X20Cr13, which is a martensitic steel used for compressor blades of gas turbines
[17, 36, 37].
For structuring with a mask, bottom up and top down methods are thinkable for fabricating
riblet structures. For the bottom up method, material is deposited via physical vapor deposition,
chemical vapor deposition or electrodeposition through or between the openings of a mask. The
top down approach, working with a mask, is usually an etching process such as chemical etch-
ing or ion etching. Chemical etching is usually an isotropic etching process for polycrystalline
materials with an undercutting of the mask. For achieving high aspect ratios, as necessary for
riblets, anisotropic etching is required. Anisotropic etching can be achieved with sputter etch-
ing, ion beam etching and reactive ion etching. The latter can so far only be used for silicon
and aluminum. The etching particles hit the surface from a specific direction and thus leading
to a directional etching. Detailed work on structuring with a top down approach can be found in
literature [38, 39].
Depending on the application area in the aeroengine, severe oxidation can occur due to high
temperatures. For high temperature applications an oxidation protection layer such as NiCoCrAlY
for nickel alloys needs to be used for protecting the substrate material underneath (see chapter
2.6). Therefore, all substrates in figure 2.5 have an oxide protection layer. For the direct structur-
ing on the left hand side and the structuring with a mask via etching on the right hand side, the
oxide protection layer is structured. During oxidation the fabricated structures oxidize homoge-
neously and the aspect ratio of the structures remains the same after oxidation. For the fabrication
of riblet structures with the help of a mask and a bottom up approach different materials than the
oxide protection coating can be used. When the substrates with the masks are coated with metals
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that form fast growing oxides with a large volume increase such as nickel or titanium the riblets
will reach their final height after oxidation.
Simulations and experimental tests investigating the effectiveness of riblets on blades have also
been made, however, with some contradictory results. In general it is not possible to simulate
the effects of a riblet surface sufficiently accurate because the mathematical equations are very
complex with many unknown variables. This takes too much time and computational power,
which is not available today for a complete simulation of three-dimensional riblets on curved
substrates [8]. Experimentalists have contrary opinions if it is better to structure the suction or the
pressure side of a blade. Boese and Fottner tested a highly loaded compressor cascade V103-180
with riblet surfaces. They coated the blades with riblet foils made by 3M and with sheets of brass
having milled riblets. Their results showed that the riblets are mainly useful on the suction side
and lead to a reduction of the total pressure loss coefficient [40]. Fang et al. [41] state that riblets
on the pressure side of the NACA-65-0010 profile perform better than on the suction side or on
both sides of the blade. On the pressure side more than 10 % loss reduction benefit was measured.
More experiments have to be carried out for a final conclusion on which side of a blade riblets
are more beneficial. Additionally, one experimental set-up needs to be defined, which leads to
accurate and reliable results.
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2.4 Coating Formation, Growth and Structure
Electron beam physical vapor deposition (EB-PVD), sputter deposition and electrodeposition
were used as coating and as riblet deposition methods.
For the physical vapor deposition (PVD) processes, the atoms from the gas phase settle on
the substrate surface and diffuse until they find a thermodynamically favorable position. The
thermodynamically minimum can be the formation of clusters on a surface and subsequent crys-
tallite growth or the deposition of adatoms on defects and steps. First, nuclei form and grow.
They grow to larger islands and coalesce and therefore leave holes and channels behind. Those
spaces are filled up during secondary nucleation. An agglomeration takes place and the coating
grows. The goal during coating formation is the reduction of the surface energy for a thermody-
namically stable system [42, 43]. However, there is not infinite time for the adatoms to diffuse
and therefore also metastable phases form. Additionally, a low substrate temperature prevents
the formation of energetic favorable coating compositions compared to a higher substrate tem-
perature which has a higher adatom mobility as consequence that leads to a thermodynamically
more stable coating. In general, the adatom mobility is higher for EB-PVD than for the sputter
process because of the usually higher coating and substrate temperatures, respectively. Since for
the sputter process, temperature and pressure can be controlled easily, different coating struc-
tures can be produced more easily than for EB-PVD coatings. The structure zone model from
Movchan and Demchishin shows the different coating structures of evaporated coatings depend-
ing on the ratio of substrate temperature to melting temperature. The coatings were evaporated at
10−6 - 10−7 mbar up to 2 mm thickness. Movchan and Demchishin investigated different metals
and ceramics. Their structure zone model is displayed in figure 2.6a. In zone 1 (substrate tem-
perature to melting temperature ratio < 0.3 for metals, < 0.26 for oxides) needle-like crystallites
develop, which become larger with increasing coating thickness. In zone 2 (substrate tempera-
ture to melting temperature ratio 0.3 - 0.45 for metals, 0.26 - 0.45 for oxides) a columnar structure
develops since more surface diffusion exists due to higher substrate temperatures. The porosity
decreases. In zone 3 (substrate temperature to melting temperature ratio > 0.45 for metals and
oxides) a recrystallized dense coating morphology exists because of coating growth, which is
governed by volume diffusion within the coating [44]. Depending on the later application more
or less dense coatings are favorable. Thornton developed the existing structure zone model by
a) b)
Figure 2.6: Structure zone models: a) by Movchan and Demchishin for evaporated films, b) by Thornton
for hollow cathode sputtering configurations. Pictures taken from literature [44].
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Movchan and Demchishin further with a hollow cathode sputter configuration. The dependency
of the coating structure from the temperature and pressure is stated in the Thornton structure zone
model, shown in figure 2.6b. The investigated pressure range was 10 - 400 mbar. The diffusion
of the atoms increases with increasing temperature while it decreases with increasing pressure.
This explains the progressive gradients of the structure zones [44]. For zone 1, with a low ratio
of substrate temperature to melting temperature the coatings are porous and consist of needle like
crystallites. With increasing ratio, the structure changes from a transition structure (zone T) con-
sisting of densely packed fibrous grains over columnar grains (zone 2) to a recrystallized grain
structure (zone 3) [43]. The structure of the coating depends also on the surface roughness of the
substrate. For all PVD experiments in this thesis, the surface was mirror polished and hence the
surface roughness has nearly no influence on the coating growth. For sputtering, it is additionally
possible to use a typically negative bias on the substrate. Due to the resulting ion bombardment
the density of the coating is further improved. Loosely bonded gas atoms or surface dirt are
removed. The nucleation density is enhanced and a fine grained dense morphology is obtained
[39, 43, 45].
The formation and subsequent growth of the coating for electrodeposition can be classified
into four steps. First, the metal cations are transported to the substrate. This works through dif-
fusion and convection of the electrolyte. Around the cations water molecules assemble, creating
a hydration shell, also referred to as a solvation shell. In a second step, the cations are close to
the substrate in the so called Helmholtz-layer (electrical double layer, where the cations face the
negatively charged cathode and the rejected anions are in the second layer behind the cations, thus
electrically screening the cation layer). The cations loose the hydration shell and get discharged.
Metal ions transform into metal adatoms. The third and fourth step of the coating development
is similar to the PVD coating processes. In the third step, the adatoms diffuse on the surface
and settle on energetic favorable places like already existing nuclei, corners of forming coating
layers and on defects. On polycrystalline substrates other than the depositing metal the coating
formation works through formation and growth of nuclei. Adatoms form clusters. When reaching
a certain size, stable nuclei will grow and be the growth pole for the forming coating layer. As
a fourth step, the nuclei grow further to crystallites. Depending on the deposition conditions a
columnar grain coating structure develops, or on already existing crystallites, new nuclei develop,
leading to grain growth [39, 46]. A lamellar coating structure is observed for bright nickel de-
posits due to the additional adsorption of organic sulfur additives in the coating. This means, the
structure of the coating is an indication whether sulfur is in the coating or not. The sulfur leads
to a low failure strain of the coating [47, 48]. The structure of the coating depends also on the
surface roughness of the substrate. The effects of the surface roughness could be excluded in this
doctoral thesis, since for all electrodeposition experiments the surface was mirror polished.
2.5 Fundamentals of Metal Oxidation
Metals form oxides in oxidizing atmospheres. Even under ambient conditions most metals have
a natural oxide layer which is usually in the range of some atom layers up to a few nanometers
thick. The oxide can be protective as in the case for aluminum oxide on aluminum or porous and
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Figure 2.7: Dissociation pressure of selected oxides versus temperature [50].
non-protecting as in the case for rust on iron. During oxidation the metal acts as electron donor
and the oxygen as electron acceptor. Chemically this redox reaction can be written as:
xMe+
y
2
O2↔MexOy (2.7)
When a metal reacts with oxygen at ambient conditions to form an oxide, free energy is released,
which makes it thermodynamically more stable than the metal. This is true for almost all metals
relevant in industrial application [49, 50]. In figure 2.7 the dissociation oxygen partial pressures
in a certain temperature range are given for selected oxides. The oxide is stable above this line
and the metal below the dissociation line. According to this diagram, aluminum, which forms the
most stable oxide of the given examples, is stable as a metal below approximately 10−33 bar at a
temperature of around 1100°C, which is a pressure way below every technical vacuum and even
below the vacuum in outer space. This means that aluminum has always an oxide layer.
The oxidation process can be classified into four steps. First, the oxygen adsorbs at the surface.
Second, oxide nuclei form. Third, the nuclei grow in lateral direction until step four, when a
compact oxide scale is formed. After this initial oxidation the further growth of the oxide scale
can occur via gas transport through macro and micro cracks or voids, grain boundary diffusion
and volume diffusion. Oxides are ionic crystals and the mass transport proceeds via vacancy
diffusion or interstitial atom diffusion. Oxygen ions can diffuse through the oxide layer to the
oxide-metal interface and oxidize the metal there. The second possibility is that metal ions diffuse
through the oxide and get oxidized at the interface oxide-gas atmosphere. Also, both diffusion
mechanisms can occur at the same time. Depending on the substrate, temperature and other
experimental conditions the oxide mass gain can follow a linear, parabolic, cubic, logarithmic law
or even something in between. The mass gain is measured gravimetrically. For high temperature
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Figure 2.8: Parabolic oxidation rate constants of selected oxides for the growth of several oxides [52].
Parabolic oxidation rate constant for titanium inserted and extrapolated from literature [53].
oxidation, metals should preferably oxidize with a parabolic mass gain. With increasing time
the oxide mass gain gets slower. The already existing oxide protects the metal underneath from
further fast oxidation [50, 51]. The parabolic growth law can be written as:
∆m
A
= kpt (2.8)
∆m is the mass gain, A the whole sample surface, kp the parabolic rate constant and t the oxidation
time. The oxidation rates for selected metals are given in figure 2.8.
In this diagram, it can be seen that aluminum has the lowest oxidation rate, whereas iron has a
high oxidation rate. Alumina is a very dense oxide layer with few vacancies and this results in the
slow oxide growth. The parabolic oxidation rate constant for titanium was additionally inserted
into the diagram, because the oxidation of titanium was also studied within this doctoral thesis.
Since no curve for the parabolic oxidation rate constant was found in literature for the temperature
range 1200 - 1450 K the data from Kofstad [53] (900 - 1200 K) was extrapolated and inserted.
The oxidation of alloys is similar to the pure metal oxidation. On alloys mixed, multiple and
internal oxides can form. The best for components under high temperature conditions is when one
of the alloying elements forms a protective oxide scale which protects the alloy underneath. This
is called selective oxidation. SiO2, Cr2O3 and Al2O3 are such protective oxides with Al2O3 being
the most protective of the three. For a stable selective oxidation, the alloying element needs to
form the most thermodynamic stable oxide of all components. The concentration of the alloying
element forming the protective scale needs to be large enough. These are usually at least 10 at.%.
An oxidation process is called selective oxidation, when the less noble element in an alloy forms
the protecting oxide. Additionally, the diffusion of the oxide forming element within the substrate
needs to be high enough, so no depletion zone forms underneath the oxide. An unfavorable
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internal oxidation occurs when the less noble component of the alloy is oxidized within the alloy
because of a high inward diffusion of oxygen and when the oxygen partial pressure is high enough
to oxidize it. In this case, the amount of the component is low so that no closed external oxide
layer develops [50, 51]. Once a continuous alumina layer has formed, no other elements will
oxidize since the partial pressure for the formation of the other oxides is too low (see figure 2.8).
Whether an oxide scale is protective, as in the case for alumina on aluminum, can be deter-
mined, when looking at the Pilling-Bedworth Ratio (PBR). It is defined as the volume of oxide
formed divided by the volume of metal consumed and can be written as:
PBR = 1/n[(m/r
′
)/(M/R
′
)] (2.9)
with m and M being the molecular weights of the oxide and metal respectively and r
′
and R
′
being
the densities of oxide and metal respectively and n is the number of metal atoms in the oxide
molecule. If PBR << 1, the oxide scale is non protective because the volume of the oxide formed
is less than the volume of the metal consumed. A tensile stress develops in the oxide scale [54]. If
PBR ∼ 1, the scale is protective and if PBR >> 1 the oxide is highly compressed and usually non
protective due to buckling and spalling of the oxide. The PBR of aluminum oxide on aluminum
is for example 1.28. There are exceptions to the PBR predictions for many alloys, due to the
volatility of oxides, geometry effects and chemical effects of alloying elements [49]. The PBR
for alloys [54] can be expressed as:
PBR =
volume o f a mole o f BxOy
volume o f x moles o f B in alloy
(2.10)
Depending on whether a depletion zone forms underneath an oxide or if the diffusion of the oxide
generating element is fast enough to maintain the original phase composition, different equations
for the volume calculations need to be used [54].
2.6 Fundamentals of the Coating Materials Used
NiCoCrAlY
NiCoCrAlY coatings are often used as bondcoats on turbine blades for the bonding of the ther-
mal barrier layer, which consists usually of yttria stabilized ZrO2. Additionally, NiCoCrAlY is
also used exclusively as oxidation protection. The investigated NiCoCrAlY contains the β -NiAl-
phase and the γ-Ni-base solid solution. Depending on chemical composition and manufacturing
process other possible phases are γ’-Ni3Al and the α-Cr-base solid solution [55]. During oxida-
tion a protective α-alumina oxide layer is formed. Small amounts of Y2O3, Y3Al5O12, spinels
(Ni, Co)(Al, Cr)2O4 and NiO can also be found in the alumina matrix. Yttrium is a very reactive
element and improves the oxide scale adhesion due to: i) the formation of pegs, which connect
the oxide with the substrate, ii) the prevention of vacancy coalescence at the oxide/ metal inter-
face, iii) the enhancement of the scale plasticity iv) the improvement of the cohesive scale energy
between scale and metal and v) it getters sulfur impurities which would reduce the bond strength
of the oxide scale to the alloy [49]. The β -phase changes to the γ’ Ni3Al-phase with increasing
oxidation time, due to aluminum depletion. With continued oxidation and therefore aluminum de-
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pletion the grains eventually convert to the γ-phase. When this happens, it is in general assumed
that the coating loses its oxidation protecting properties [49].
Nickel
Nickel is the base element in many high temperature alloys. Those alloys have high heat resistance
as well has a high oxidation resistance at elevated temperatures [56]. These properties make nickel
a good candidate as additional coating. The oxide of nickel is NiO and compared to aluminum
oxide or chromium oxide it provides only weak oxidation protection. It is a fast growing and
rather porous oxide with many vacancies promoting diffusion.
Chromium
Chromium improves the hot corrosion resistance further. Additionally, it increases the activity
of aluminum and reduces oxygen diffusion into the alloy by lowering the oxygen activity at the
oxide scale - alloy interface [49, 57]. The developing oxide is Cr2O3. The chromium oxide has
fewer vacancies than nickel oxide and is therefore more protective. It grows slower and is ther-
modynamically more stable than nickel oxide (see figures 2.7 and 2.8).
Silicon
The oxide of silicon (SiO2) also contains few vacancies. It can also form a protective oxide layer.
It is thermodynamically stable and a slow growing oxide [49]. It is even slower growing and also
thermodynamically more stable than chromium oxide (see figures 2.7 and 2.8).
Aluminum
Aluminum is the best candidate for high temperature oxidation protection. It can form the most
stable α-alumina (Al2O3) and develop the most protective oxide layer of all elements used (see
chapter 2.5 and figure 2.7). The α-alumina contains few vacancies leading to a very slow oxida-
tion rate [49] (see figure 2.8). However, depending on the alloy composition and the oxidation
temperature, less favorable transient oxides form. These are the metastable phases of alumina
(γ , δ , θ -alumina) [52].
Titanium
Titanium produces a very fast growing oxide, which contains many vacancies, but it is thermo-
dynamically very stable (see figures 2.7 and 2.8). On titanium usually rutile TiO2 is found at
high temperature oxidation above 700 °C [58]. TiO does form first but is transformed into TiO2
immediately [59]. However, for thermodynamical considerations, TiO is used in literature [50]
and also in figure 2.7. As an alloying element, titanium can improve the oxidation resistance,
as it is the case for FeCrAl, or have detrimental effects on increasing the growth rate of Al2O3
and is disadvantageous for scale adherence on nickel base alloys [49, 57]. As pure coating the
developing TiO2 can not be protective since it is a porous oxide with many defects.
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Platinum
Platinum promotes the development of a pure α-Al2O3 layer during oxidation of Ni-based alloys
and suppresses the formation of transient oxides [57, 60]. It is widely used as alloying element in
NiAl-coatings.
Zirconium dioxide
Zirconium dioxide (ZrO2), stabilized with yttria, is used as a thermal barrier coating for turbine
blades. Due to its low thermal conductivity it protects the metal blade underneath against heat.
Thus, higher operating temperatures can be used, leading to a higher efficiency of the engine.
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3.1 Substrate Materials Used
As a main base material the alloy Inconel 718 (IN718) was used. IN718 is a nickel base super-
alloy. Superalloys are utilized for high temperature applications. The measured composition of
the IN718 used, can be found in table 3.1. The measured composition via X-ray fluorescence
is in good agreement with the specifications of the producer Inco Alloys International. IN718
is a precipitation-hardenable nickel-chromium alloy with the alloying elements iron, niobium,
molybdenum, titanium and aluminum. This high strength alloy (tensile strength 1413 MPa) has
high corrosion resistance, excellent weldability and high creep rupture strength up to 700 °C. The
rupture strength after 1000 h at 705 °C (1300 F) is still 370 MPa [61, 62]. Due to those good prop-
erties it is used in gas turbines, rocket motors, spacecrafts and in aeroengines. In aeroengines it is
used for compressor blades as well as vanes and for disks in the turbine.
Table 3.1: Composition of IN718 in wt.%.
Ni Cr Fe Nb Mo Ti Al Co
54.26 18.11 18.02 4.84 2.84 0.93 0.79 0.22
Also, the alloy CMSX-4 was used as substrate material for some reference tests. This su-
peralloy is a single crystal with no grain boundaries. The composition in wt.% was measured
with X-ray fluorescence and is given in table 3.2. CMSX-4 is used in gas turbines as well as aero-
engines. The dendritic texture consists of a nickel-rich γ-matrix phase and ordered γ’ precipitates.
The relatively large amount of rhenium leads to high strain hardening as well as good resistance
to hot gas corrosion [63, 64, 65].
Table 3.2: Composition of CMSX-4 in wt.%.
Ni Cr Al Ti Mo W Ta Co Re Hf
59.62 5.91 5.42 1.23 0.43 7.4 6.13 9.39 3.87 0.07
Additionally, TiAl was used for reference tests. This intermetallic material has a lower density
compared to conventional nickel alloys, which are used in the high pressure compressor. TiAl
shows good mechanical properties in the temperature range up to 600 - 800 °C. These factors as
well as the high strength and high stiffness make this alloy a promising candidate for high tem-
perature applications in aeroengines [50]. Two different TiAl-alloys were investigated. The first
alloy is TNB-V5. Its composition was measured with X-ray fluorescence and is stated in table
3.3. Beside Ti, Al and Nb, TNB alloys also contain boron and carbon. These light weight mate-
rials can not be detected by X-ray fluorescence. According to literature, TNB-V5 has 0.2 at.% B
and 0.2 at.% C [66]. TNB-V5 is comprised of the brittle phases γ-TiAl and the α2-Ti3Al.
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Table 3.3: Composition of TNB-V5 in wt.%.
Ti Al Nb
58.68 27.78 12.43
The second TiAl-alloy used was an alloy, which in addition to niobium and boron contains
also molybdenum. The major phases found in this material are the α2 phase, the γ phase and
the β (B2)-Ti phase. Due to the fact, that this alloy is not freely available right now the exact
composition and further details are not allowed to be published. Therefore, this alloy is referred
to as TiAl-Mo.
Single crystalline <100> silicon with a metallization of chromium and nickel (coating thickness
around 260 nm) was additionally used as model substrate. It was used for the demonstration of
the feasibility of the fabrication of riblet structures via photolithography and electrodeposition.
Silicon is not used for any parts in the aeroengine, therefore, its oxidation behavior was not
investigated in detail.
3.2 Coating Materials and Methods Used for Deposition
NiCoCrAlY was used as an oxidation protection alloy. The NiCoCrAlY layer was fabricated
by electron beam physical vapor deposition (EB-PVD) in the Leybold-Heraeus machine type
ES 1/3/60 up to a thickness of approximately 150 µm. The average composition of all different
runs can be found in table 3.4.
Table 3.4: Composition of NiCoCrAlY in wt.%.
Ni Co Cr Al Y
48.9 23.9 15.1 12 0.1
For reference tests, also magnetron sputtering in the LA 250 S machine from the company
vonArdenne was performed. For electron beam evaporation, a NiCoCrAlY ingot is melted (melt-
ing point: 1260 - 1482 °C, depending on the alloy composition) with the help of a focused elec-
tron beam. The samples were heated up to 950 °C. The pressure during the coating process was
10−5 mbar. The metal vapor deposits and condensates on the rotating substrate and crystallizes in
form of a coating. Detailed information about the mode of functioning of electron beam physical
vapor deposition can be found in literature [39, 55]. The general working principle is depicted in
figure 3.1a.
For all coating methods used (magnetron sputtering, thermal evaporation and electrodeposi-
tion), the surface was mirror polished to exclude any substrate roughness effects.
Furthermore, as coating materials nickel, chromium, silicon, aluminum, titanium, platinum and
zirconium dioxide were used. All elements were deposited via magnetron sputtering. The depo-
sition parameters for a 2.5 µm thick coating can be found in table 3.5. Zirconium dioxide was
deposited up to a thickness of 6 µm and the deposition parameters are given in the same table.
Additionally, for some experiments NiCoCrAlY was also sputtered. The thickness was approx-
imately 20 µm. Nickel, chromium, silicon, aluminum, titanium and platinum were investigated
concerning their oxidation rate and their function of protecting the material underneath.
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Figure 3.1: Evaporation systems: a) electron beam evaporation, b) thermal resistance evaporation.
For the sputtering process, a plasma is ignited and typically argon ions bombard the target
cathode. These knocked out atoms deposit and condensate on the substrate forming a dense layer.
With magnetron sputtering an additional magnetic field underneath the target increases the path of
the free electrons due to helical paths of the electrons around the magnetic field lines. This causes
more collisions with neutral argon atoms and changes them into ions. That increases the sputter
rate leading to a higher deposition rate [39]. Further information on the principles of (magnetron)
sputtering can be found in literature [45, 67, 68]. Furthermore, Al, Ni, Ti and ZrO2 riblets were
also fabricated via sputtering through a mask. The experimental set up for the sputter deposition
can be seen in figure 3.2. The samples were mounted on the sample holder, which is in the middle
of the chamber. With the LA 250 S it is possible to deposit from two different targets. For the
performed experiments, the samples did not rotate and deposition took only place from the target
opposed to the sample surface.
Additionally, some aluminum riblets were also deposited via thermal resistance evaporation
and preceding photolithography. Aluminum is heated up via the passing of a high current through
it, reaching temperatures above its melting point of 660 °C. The samples are mounted up side
Table 3.5: Deposition conditions for the deposited elements and compounds via magnetron sputtering.
element power
[W]
time deposition rate
[µm/h]
Ni 310 30 min 5.6
Cr 306 30 min 5.0
Si 274 45 min 3.3
Al 310 45 min 3.3
Ti 310 45 min 2.6
Pt 310 16 min 11.3
ZrO2 120 87 h 0.069
NiCoCrAlY 350 3 h 7.0
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Figure 3.2: Experimental set up for the sputter deposition.
down above the aluminum crucible and the aluminum vapor deposits on the samples. The evap-
orated coating thicknesses were 0.5 µm, 2.5 µm and 5 µm. The general working principle is de-
picted in figure 3.1b. These experiments were carried out at Wohlrab Aufdampftechnik GmbH in
Langenzenn (Germany).
Nickel was the only material that was additionally deposited via electrodeposition for the fabri-
cation of coating layers and riblets. Three different nickel electrolytes were used for electrodepo-
sition. The first was a nickel sulfate solution according to Nielsch [69] with 300 g/l NiSO4·6H2O,
45 g/l NiCl2·6H2O and 45 g/l H3BO3. The second solution was a nickel sulfamate solution accord-
ing to Lee et al. [70] with 513 g/l Ni(SO3NH2)2·4H2O, 20 g/l NiCl2·6H2O and 20.5 g/l H3BO3.
For the third solution, again the nickel sulfate solution was used with the additionally surfactant
sodium dodecyl sulfate (SDS) (C12H25NaO4S) with an amount of 12.5 g/l. The applied current
density J was between 5 and 20 mA/cm2. The power supplies used were the Grundig PN 200 and
the Straton Type 2223.13. The coating times varied between 1 min and 1 h 20 min. The deposition
temperature varied between room temperature (around 23 °C) and 65 °C. The experimental set up
can be seen in figure 3.3. The red cable is connected with the nickel anode and the black cable is
connected with the sample. The white stick in the solution measures the temperature. The beaker
with the nickel solution was placed onto a magnetic heating plate, which made it possible to stir
the solution constantly with a magnetic stir bar.
First experiments showed that the deposited nickel coatings do not adhere, the coatings always
peeled off. The passivation of the substrate surface is the cause for this effect. Therefore, the
sample was firstly dipped in 5 wt.% hydrofluoric acid for removing oxides, followed by a nickel
Figure 3.3: Experimental set up for the electrodeposition of nickel.
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strike coating which was deposited prior to the actual nickel coating. The composition of the
nickel strike solution was as follows: 240 g/l NiCl2·6H2O and 125 ml/l HCl. The current density
used, was always 160 mA/cm2 and the coating time was always 20 s so that only a very thin
layer deposits. The high amount of chromium chloride dissolves the existing oxide layer. This
deposited nickel layer prevents the formation of a new passivation layer. Immediately after the
nickel strike layer, the actual nickel coating was deposited. As anode material a nickel sheet was
used for the nickel sulfate electrolyte and a platinum anode was used for the nickel sulfamate
solution. Generally sulfur depolarized nickel pellets, which dissolve easily are used as anode
in nickel sulfamate electrolytes. For the experiments within this thesis, an insoluble platinum
electrode was used, due to easier accessibility. When using the nickel sulfamate electrolyte with a
platinum anode too long, additional salts need to be given into the solution or it depletes. Opposed
to the anode, the samples were placed at a distance of approximately 2 cm and connected as
cathode. The solution was constantly stirred. The current was set constant for all experiments.
The positively charged nickel cations react with the negatively charged and conductive sample
and deposit as metal atoms:
Mez++ ze−→Me (3.1)
The composition of the solution, the current density and the temperature influence the quality of
the coating. While metal ions deposit on the cathodic side, the metal ions of the anode dissolve:
Me→Mez++ ze− (3.2)
leading to an equilibrium.
The first nickel electrolyte used in this work is a common Watts electrolyte. Watts designed this
most industrially used electrolyte in 1916. The second electrolyte is an improved solution with
a higher nickel concentration, which results in higher deposition rates. Nickel sulfate and nickel
sulfamate are the essential salts containing the metal ions for deposition. The nickel chloride
helps to increase the conductivity and the dissolving of the anode. Unfortunately nickel chlo-
rides also increase the inner stress in the deposited coating. Boric acid is necessary as a buffer.
Electrodeposition with only nickel salts results in a rise of the pH-value at the cathode due to an
additional deposition of hydrogen. Alkaline salts or nickel hydroxides would form [46].
The usage of surfactants such as SDS is beneficial because the surface is wetted and already
developed hydrogen bubbles can be removed more easily.
Nickel was deposited as a continuous layer via electrodeposition for the study of its deposition
and oxidation behavior on various substrates. Furthermore, nickel riblets were fabricated with
photolithography methods and subsequent nickel electrodeposition.
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3.3 Riblet Fabrication Methods
3.3.1 Direct Riblet Fabrication
Within this thesis, the direct material removal via cutting and laser material processing was in-
vestigated for IN718 samples with a NiCoCrAlY coating. Detailed work on investment casting,
rolling and milling of riblets can be found elsewhere [30, 32, 33, 34, 35].
With cutting, large areas up to surfaces areas of 1 m² of optical surfaces can be processed
with ultra precision. High surface qualities of microstructures are possible via a monocrystalline
diamond. First, the surfaces are made plane-parallel with a face milling cutter. Next, micro
grooves are milled via fly cutting with the diamond cutter. With this process V-grooves with an
opening angle of 1 µm are possible. Beside plane surfaces also free form models can be structured.
So far fly cutting was not only used for optical purposes but also for micro fluidic or electronic
components for medical engineering or informatics [71]. The experiments of the diamond cutting
were performed at the Fraunhofer Institute for Production Technology IPT in Aachen (Germany).
Laser material processing is a really elegant and fast approach to structure surfaces. A com-
puter controlled laser scans over the surface and the material exposed to the laser is transformed
and removed. With laser material processing, holes can be generated through thin components,
grooves can be fabricated or complicated geometries can be accomplished. For the fabrication
of riblets, experiments were carried out at Lumera Laser GmbH in Kaiserslautern (Germany).
The SUPER RAPID picosecond laser used is a Nd:YVO4 solid state laser with a wavelength of
1064 nm. The pulse duration was 10 ps and the spot size was 20 µm. The average power used,
was 2.9 W and the scan speed varied between 2400 and 5000 mm/s. The experiments were ex-
ecuted under normal ambient conditions. The material in contact with the laser is ionized and
thus transformed into the plasma state and removed. Some of the laser fabricated riblets were
manufactured at the Dechema in Frankfurt (Germany). There the Nd:YAG solid state laser Ray-
Marker 200 was used. It was operated at 1064 nm. This laser is generally utilized for inscribing
and engraving substrates. The material exposed to the laser rays is heated up to the melting point
and evaporates. The maximum power of this laser is 15 W at 10 kHz. The laser power used was
9 % and 15 % subsequently. The scan speed was varied between 1 and 10 mm/s.
3.3.2 Riblet Fabrication with the Help of a Mask
For the structuring with the help of a mask, the bottom up process was investigated (see figure
2.5).
The bottom up mechanism is a material deposition method. Materials can be deposited via
physical vapor deposition (PVD) or electrodeposition. As physical vapor deposition, sputter de-
position and thermal resistance evaporation were used. An overview of the different working
principles is given in chapter 3.2. With PVD processes only low aspect ratios can be obtained
because during the coating process the mask is also coated and eventually the openings of the
mask will close up and vanish [72, 73, 74, 75]. Thermal resistance evaporation is expected to
establish higher aspect ratios because of the more unidirectional deposition of material. With
electrodeposition, high aspect ratios can be achieved and that makes this method so suitable for
the riblet fabrication.
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Figure 3.4: Surface structuring with the help of photolihography and subsequent nickel electrodeposition,
a) structured photoresist on substrate, b) metal deposition, c) remaining metal riblets after
mask removal.
The fabrication of riblets with the help of photoresist masks (see chapter 3.3.3 for mask details)
is shown in figure 3.4 schematically for a substrate with an oxidation protection layer e.g. IN718
with a NiCoCrAlY coating. First, the substrate is spin coated with a photoresist. This photoresist
gets exposed and developed (see figure 3.4a). Second, a metal is deposited (see figure 3.4b).
Third, the photoresist is stripped and only metal riblets remain (see figure 3.4c).
As substrate materials, silicon with a nickel chromium metallization, CMSX-4 and IN718 with
a NiCoCrAlY coating were used.
3.3.3 Masks for the Riblet Production
Two types of masks were used for the riblet fabrication via masks: metal masks and polymer
masks.
As metal masks, spring steel sheets 1.4310 with thicknesses of 0.1 mm and 0.15 mm were used.
The slits were cut with a laser by Hail-Tec GmbH in Hohenstein-Meidelstetten (Germany). The
slits of the fabricated mask are approximately 25 µm in width, have a distance of approximately
50 µm and are 10 mm long. Due to the thickness of the sheets the slits are slightly conical. These
slit grids were mounted with screw connections onto the samples.
The polymer masks consisted of liquid polymer solutions that were placed on the sample via
spin coating and brushing. For brushing, a nitrocellulose lacquer from the company essence
was used. Nitrocellulose lacquer is known as self-developing resist for ion and electron beam
lithography in micro- and nanotechnology. It is a resist that is volatilized by irradiation and a
subsequent developing step is not necessary [76, 77, 78]. For the experiments within this thesis,
the resist was not irradiated as the desired resist structures were directly brushed onto the sample
surfaces. In the second step nickel was deposited via electrodeposition. After that, the resist
was removed with acetone leaving a nickel coating with sharp edges. Beside the nitrocellulose
lacquer the photoresists AZ nLOF 2070 and ma-N 1420 were used. The AZ nLOF 2070 was
used for a mask thickness of 6 µm and the ma-N 1420 was used for a thickness of 3 µm. The
developer for AZ nLOF 2070 and ma-N 1420 are AZ 300 MIF and ma-D 533S, respectively. The
photoresist processing was performed at the Department of Microsystems Engineering (IMTEK)
of the university in Freiburg (Germany).
Photoresists are used for micro- and nanolithography. After exposure and development only
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Figure 3.5: Structuring of a positive and negative photoresist.
the desired structures and patterns remain. The process is similar to conventional photography.
Furthermore, structuring the photoresist can be done directly with ion or electron beams or with
imprint stamps [38, 79, 80, 81]. However, photolithography is the most common technique. A
photoresist is placed on the sample via spin-coating. In the next step, a quartz wafer with usu-
ally chromium structures, the photomask, is placed directly or with a defined distance (proximity
lithography) onto the substrate. After that, the exposure takes place. The electromagnetic radia-
tions, used for microtechnology, are usually visible light and UV-light. X-ray lithography is also
possible, however with some additional challenges. For instance, an electron synchrotron is nec-
essary for X-ray lithography. There are no efficient methods to focus X-rays and so only a scale
of 1:1 is possible [39, 79]. Technical problems exist because of the highly needed accuracy of
the special masks. Despite all those problems X-ray lithography is used for the LIGA-technology.
LIGA comes from the German acronym for lithography, electrodeposition and molding (Lithogra-
phie, Galvanik, Abformung). With the LIGA technique negative copies of polymers can be fab-
ricated out of the processed metal masters via injection molding or embossing. Further details
concerning the LIGA technique can be found in literature [39, 82]. Due to irradiation of the re-
resist stripping
chromium etching
exposure
developing
quartz
wafer
Cr-layer
resist
Figure 3.6: Fabrication of a mask for photolithography.
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sist, it is chemically altered and depending on the resist type, the exposed or the unexposed areas
remain after developing. Developing happens in a specific chemical solution, where, depending
on the resist type, the unexposed or the exposed areas are removed. After exposure and develop-
ing of a positive resist, the unexposed areas remain. The opposite effect happens for the negative
photoresist, the exposed areas remain. The process of structuring of the photoresist is displayed
in figure 3.5. Depending on the desired structures and the shape of the remaining resist, the neces-
sary photoresist is chosen. The AZ nLOF 2070 and ma-N 1420 are negative photoresists resulting
in negative edge profiles.
The masks for the UV-photolithography are fabricated in a similar way than the final structures.
A quartz wafer is coated with a thin layer of chromium (approximately 100 nm) and the chromium
layer is coated with a positive photoresist. The photoresist gets exposed in the areas that have the
later structure. A focused ion or electron beam, depending on the structure size, scans the pattern
on the positive photoresist. After developing, the unexposed regions remain. In a next step the
chromium is etched away in the uncovered areas [39]. Finally, the remaining resist is stripped.
The process of the mask fabrication is shown in figure 3.6. The mask for the structuring of the
samples for this thesis was fabricated at Delta Mask in Enschede (The Netherlands).
3.4 Annealing Experiments
The IN718 samples with a NiCoCrAlY layer and an additional coating were annealed prior to
oxidation in order to get a better adhesion of the additional coating with NiCoCrAlY. All samples
were annealed in vacuum at 10−6 mbar. At 1080 °C all samples exhibited a holding time of
30 min. For nickel on IN718 + NiCoCrAlY an additional annealing was performed with only
heating and cooling, without any holding time. The heating rate was ≥ 5 K/min for the different
coating systems, except for the silicon coated sample. For Si on IN718 + NiCoCrAlY a heating
rate of 0.5 K/min was chosen. At higher heating rates chances are high that the silicon layer
spalls due to a large difference of the thermal expansion coefficient of silicon (2·10−6 K−1) and
NiCoCrAlY (8.6·10−6 K−1). For Al on IN718 + NiCoCrAlY a special annealing procedure was
applied. The samples were heated up to 600 °C. At 600°C a holding time of 30 min was used
because aluminum has its melting point at 660 °C. With a holding time at a temperature slightly
lower, more diffusion occurred and an aluminum alloy with a higher melting point formed. After
the holding time the sample was also heated up to 1080°C. Cooling down was achieved with
simple furnace cooling.
Reference annealing experiments were also performed with the electrodeposited nickel on
IN718 + NiCoCrAlY. These samples were also annealed at 1080°C with a holding time of 30 min.
3.5 Oxidation Experiments
Oxidation experiments were performed for investigating the different oxidation behaviors of the
coatings and the substrate materials. The oxide was analyzed concerning its phase composition,
structure and adhesion to the metal underneath. Special emphasis was put on the different oxide
thicknesses of the coatings compared to the oxidation protection layer or the substrate. It is not
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Table 3.6: Oxidation parameters for the different substrates
substrate temperature
[°C]
time
[h]
Ni-based 900 1, 5, 10, 20, 24, 48, 72, 96, 100
1000 1, 5, 10, 20, 24, 48, 72, 96, 100
1100 100
TiAl 400 100
600 100
900 100
Si 900 100
1000 100
trivial to deposit riblets which are tall enough. Therefore, it was investigated which coatings have
a large volume increase when transformed into an oxide compared to the oxide on top of the ox-
ide protection layer and the substrate material, respectively. In literature no data were available
regarding the differences of the oxide thicknesses of chosen materials on NiCoCrAlY. It is as-
sumed that riblets which are not high enough after deposition can reach their final and necessary
size during oxidation. Apart from the coatings also the fabricated riblets were oxidized. It was
investigated whether the riblet structures are still intact after oxidation or spalled. Additionally,
the shape and size after the oxidation of the riblets was examined.
All oxidation experiments were performed with a heating rate of 10 K/min. The oxidation
temperatures varied between 400 and 1100 °C depending on the substrate used. The oxidation
times varied between 1 and 100 h. All experiments were isothermal oxidation tests. Cooling
down was achieved with simple furnace cooling.
Table 3.6 gives an overview of the oxidation parameters used for the different substrates.
3.6 Characterization Methods
For the characterization of the coatings and riblets, the following methods were used:
• Scanning Electron Microscopy (SEM)
• X-Ray Diffraction (XRD)
• (Energy Dispersive) X-Ray Fluorescence (XRF)
• Confocal Laser Scanning Microscopy (CLSM)
• Confocal White Light Microscopy (CWLM)
The mechanism of those methods will be explained briefly. Further information can be found in
appropriate literature.
Scanning electron microscopy is a technique where an image of a sample is obtained because
an electron beam scans over the surface. When the incident beam interacts with the sample, dif-
ferent signals can be detected. The created secondary electrons from the sample are used for
the image fabrication. Depending on the elements as well as the tilting angle of the sample to the
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electron beam more or less electrons are emitted from the sample. These electrons are detected by
special detectors and the information is transformed into an image signal and displaced on a moni-
tor. The SEM used was a Zeiss Ultra 55 microscope and the accelerating voltage used for imaging
was usually 5 kV. With SEM also other characterization methods are possible, because much in-
formation and different particles are generated when the incident electron beam interacts with the
sample. Whether the information can be evaluated depends on the available detectors. For the
usage of the SEM within this thesis, besides taking images, energy dispersive X-ray spectroscopy
(EDX) was utilized. The acceleration voltage range was between 5 and 20 kV, depending on the
coating and particle thickness. The X-rays emitted from the samples give information about the
chemical elements in the sample. A quantitative impression is also given with this method.
The method of X-ray diffraction was used for defining the chemical phases in the samples.
X-rays are scattered at the lattice planes of crystals, more exactly, at the atomic shell. The scat-
tered rays interfere with each other. With X-ray diffraction information about the lattice distance
is obtained and the lattice distance gives information about the crystal structures and phases in
the material. X-ray diffraction is used for example for determining the crystallographic structure,
chemical composition and phase orientation. The XRD machine used was a powder diffractome-
ter D5000 from the company Siemens. The XRD diffractograms were obtained with 40 kV and
40 mA Cu-Kα rays with the wave length of λ = 1.5418 Å. The samples were analyzed in the
bulk form in the angle range 2θ = 15 - 100°. The step size was 0.02° and the measuring time was
3 s per step. The software used for identifying the phases was DIFFRACplus EVA 2009 from
Bruker AXS. XRD was used for the qualitative phase analysis for NiCoCrAlY on IN718 and
NiCoCrAlY on IN718 with an additional coating of Ni, Al, Cr, Si, Pt and Ti. The phases were
analyzed in the as-coated state, the annealed state and after oxidation (see chapter 5.2 for selected
diffractograms).
X-ray fluorescence spectroscopy is a method for determining the qualitative and quantita-
tive chemical composition of a material. The XRF used was an energy dispersive XRF, which
means that X-rays are used for excitation. The XRF spectrometer was Midex M from the com-
pany Spectro. The material is excited by X-rays from a molybdenum-tube and the characteristic
X-rays from the sample are detected and analyzed. First, the sample is measured at 45 kV for
180 s and then a second measurement starts at 18 kV for 300 s. This gives a quantitative and
qualitative result of the chemical composition of the sample. XRF was used for measuring the
composition of the substrate materials IN718, CMSX-4 and TNB-V5 (see chapter 3.1).
Confocal laser scanning microscopy uses an optical microscope where a focused laser beam
with a short wave length scans over the sample surface in x- and y-direction. The objective lens
is moved in z-direction. The reflected light passes a pinhole and only information from the point
where the sample surface is in focus is detected. With CLSM surface roughness and structures can
be mapped and measured. Additionally, a white light source is used. The information from the
reflected white light is used for the color information for the image. The confocal laser scanning
microscope used for this work was the VK-9700 Colour 3D Violet Laser Scanning Microscope
from the company Keyence. The wavelength is 408 nm with 1 nm resolution. CLSM was used
for the measurements of the surface roughness of the riblets prior and after oxidation (see chapter
5.7).
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Additionally to the CLSM, the conventional confocal white light microscopy was used for 3D
images with information containing the height of the structures. Surface roughness and structures
can also be measured. The µsurf equipment from the company Nanofocus with an additional
xenon light source was used for the measurements of one selected riblet surface. The produced
file with 3D data points was needed for the fabrication of a scaled up model (see chapter 3.7). The
working principle for the CWLM is the same as for the CLSM except that white light is used. A
100x magnification was used.
3.7 Fluid Dynamical Tests in the Oil Channel
The effectiveness of riblet structured surfaces was measured in the oil channel of the Institute of
Propulsion Technology of the German Aerospace Center (DLR) in Berlin (Germany). In the oil
channel the reduction of the wall shear stress can be measured directly with a wall shear stress
balance. Since the produced samples are very small and the produced riblets are in the micrometer
range the surface needs to be scaled up. This upscaling and the usage of oil instead of water or air
make the measurement even more specific, since the thickness of the viscous sublayer is enhanced
[16]. Since the dimensionless spacing s+ = 17 for the conditions and actual riblet spacing for the
usage in the aeroengine is identical with s+= 17 for the scaled up model in the oil channel, the
two conditions are similar.
For producing a model with the scaled up structures, first, the surface is scanned and measured
with the confocal white light microscope. The measurement that was carried out at the Institute
of Measurement and Automatic Control of the University Hannover (Germany) resulted in 3D
data points. The so produced .dxf file, a file format used in 3D Computer Aided Design (CAD),
was transferred into a .stl file, a file format used for the rapid prototyping process for fabricating
a model. For the model fabrication for the oil channel, stereolithography, a rapid prototyping
method, was used. For the stereolithography, a layer of liquid photopolymer is placed in a vat. A
computer assisted UV-laser scans the resin according to the 3D computer model and hence, the
resin is cured in these areas. After each plane the component is descended slightly, a blade sweeps
new material over the component and the next plane is cured. In this way, even complicated 3D
objects can be manufactured. After completion of the object, the remaining resin is washed away
and the component is cured again in an UV-furnace. The fabrication of the model was done at
KL-Technik in Krailling (Germany). For this thesis, one as-fabricated model of a riblet structured
surface was tested in the oil channel. The actual sample had a riblet spacing of 10 µm and a height
of 6 µm. The surface, which was measured with CWLM, was scaled up by a factor of 600. The
model was 480 mm long (parallel to the riblets) and had a width of 380 mm.
The polymer model plate was placed into the oil channel. This channel is a closed circuit
channel and filled with white paraffin oil with a viscosity of ν = 11.5·10−6 m2/s and a density
of ρ = 836 kg/m3. The oil velocity can be varied between 0.3 and 1.3 m/s. This means, Reynolds
numbers within the channel between 8000 and 35000 can be obtained. A fully developed turbulent
flow is achieved in the experiment by special adjustable turbulators. The wall shear stress of the
riblet structured plate is measured in reference to a smooth plate. The structured plate and the
smooth plate are connected with a balance which measures the difference and the sum of the
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shear forces on the plates. The deflection of the balance during the measurement is picked up by
a differential transformer that translates the deflection into an electric voltage signal [17, 83].
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Necessary Riblet Sizes
Riblets need to have a certain height and distance for achieving the highest possible reduction of
the wall shear stress. The specific dimensions of the riblets depend on the application i.e. the
velocity, temperature and pressure of the flowing medium. Thus, the different riblet sizes were
calculated for the usage in aeroengines.
For calculating the optimum riblet sizes, equation 2.6 (s+ = suτ/ν) is used. According to
literature [16, 84], a riblet profile with trapezoidal grooves and an opening angle of 30° has a
dimensionless spacing of s+ ≈ 17. This riblet profile and therefore the dimensionless spacing of
17 was assumed for the calculations. With rearranging equation 2.6 to s and with the wall shear
stress velocity uτ being:
uτ =
√
τ
ρ
= u ·
√
c f
2
(4.1)
the actual spacing s between two riblets is:
s =
s+ν
u ·
√
c f
2
(4.2)
u is the velocity of the flowing medium and c f is the friction coefficient and ν is the kinematic
viscosity. According to literature [11], the wall friction coefficient for a flat plate for the turbulent
boundary layer equals to:
c f = 0.074Re−0.2L (4.3)
The Reynolds number ReL applied to the length l of an overflown surface is:
ReL =
ul
ν
(4.4)
For blades of aeroengines, the length l corresponds to the chord length of the blade.
Taking all these equations into account, one ends up with the actual spacing between two riblets
being:
s =
s+ν
u ·
√
0.037
(ul
ν
)−0.2 (4.5)
Riblets can be used in the compressor and turbine of an aeroengine. Due to temperature,
pressure and velocity changes within the compressor and turbine the necessary range of riblet
dimensions between inlet and outlet in these sections were calculated. According to the blade
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Table 4.1: Values used for calculating the riblet spacings and heights.
temperature
[K]
pressure
[Pa]
density
[kg/m3]
Mach
number
chord
length
[mm]
compressor
inlet
247.9 34,846 0.49 0.5 80
compressor
outlet
763.5 1,045,370 4.80 0.3 30
turbine
inlet
1530 1,034,916 2.36 0.3 30
turbine
outlet
879.5 88,323 0.34 0.5 40
position in the aeroengine, different chord lengths for the blades were assumed. The assumed
values for temperature, pressure, density and Mach number of the air and the chord length of the
blades are given in table 4.1. For temperature, pressure and density, the total values are given
in the table. These values were calculated based on assumptions and boundary conditions for
the aeroengine CFM56-5C4. This engine is used for the Airbus A340. For the actual riblet
calculation, the static values for temperature and pressure need to be used because the velocity is
zero at the wall of the flowing medium. Further details on the assumed and calculated values as
well as explanations for total and static values can be obtained in appendix A.
The riblet spacing varies between 15.7 µm and 93.5 µm and hence the height varies between
7.8 µm and 46.8 µm, for the calculated example via using the values from table 4.1 and calculating
the riblet spacing with the static values and equation 4.5. The smallest riblets need to be in the
outlet of the compressor and the largest riblet need to be in the outlet of the turbine. The riblet
sizes are outlined for a better overview in table 4.2.
It is very important to note that those values are only valid for the values of the temperature,
pressure and velocity given in table 4.1. For other values, because of different environmental
conditions, the required riblet sizes change. The necessary riblet values vary also from aeroengine
to aeroengine due to different possible temperatures, pressures, velocities and chord lengths of the
blades and vanes. Additionally, the riblet sizes need to be calculated for the flow on the specific
Table 4.2: Riblet spacings and heights for the different areas in the aeroengine.
riblet
spacing
[µm]
riblet
height
[µm]
compressor
inlet
72.0 36.0
compressor
outlet
15.7 7.8
turbine
inlet
32.8 16.4
turbine
outlet
93.5 46.8
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Figure 4.1: Riblet size distribution along compressor blade. A schematic figure of the NACA-65 K48
profile used is given in the diagram in the upper right-hand corner.
surface where they should be utilized, since the local parameters can differ from the global values.
For the actual aeroengine, where the blades or vanes should be structured with riblets, the exact
sizes need to be calculated first, for the riblets to be most effective. It is probably reasonable to
design the riblet sizes for the cruise flight of a long distance airliner, where the flight conditions
are almost constant over a long range. However, it is also possible to calculate and optimize the
riblet design for different operating conditions such as take off and landing for example.
The Mach number and therefore the velocities do not only vary within the different parts of
the aeroengines but also along a single blade profile. This affects also the necessary riblet size.
The change of the riblet spacing was calculated for a NACA-65 K48 profile in the compressor
outlet with a given Mach number distribution along the profile length from leading to trailing
edge. NACA profiles are two dimensional cross section profiles of airfoil wings, blades and
vanes. The Mach number distribution was calculated in the Institute of Propulsion Technology
of the German Aerospace Center in Cologne (Germany) with the computational fluid dynamics
(CFD) code MISES [85] with an inflow Mach number of 0.5 and an inflow angle of 126°. For the
best results, a dimensionless s+ value of 17 was used, which means, that the later riblets should
have trapezoidal grooves and an opening angle of 30° for achieving the highest wall shear stress
reduction of approximately 8 % (see figure 2.4). For the calculation of the riblet spacing along the
blade, the local pressure, temperature, density and viscosity was calculated with the equations in
the appendix A.
The distribution of the optimum riblet spacing is shown in the diagram of figure 4.1. In the
upper right-hand corner of the diagram, a drawing of the NACA profile used is placed. For the
calculation of the riblet spacing, equation 4.5 and the following boundary conditions were used:
T = 763.5K
p = 1,045,370Pa
l = 30mm
ρ = 4.8kg/m3
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Figure 4.2: Distribution of the dimensionless spacing s+ along compressor blade. A schematic figure of
the NACA-65 K48 profile used is given in the diagram in the upper right-hand corner.
Further information concerning the calculations can be found under appendix A. As visible in
the graph, the optimum riblet size varies. When the part near the leading edge (up to 0.03 of the
relative blade position) is neglected, the riblet size for the pressure side varies between 9.5 and
13.0 µm and for the suction side the riblet spacing varies between 9.2 and 11.7 µm.
To determine the performance of optimized riblets on blades for aeroengines exactly, exper-
iments with a high measurement accuracy need to be done. From the manufacturing side it is
too complicated to vary the riblet distance according to figure 4.1 and besides, the friction would
increase [16] due to the starting of new riblets and ending of existing riblets, respectively. This
would lead to an increase in turbulent gas flow and thus increasing the drag again. Even when the
optimum s+ value is not reached with the actual riblet size or they do not exactly match the local
surrounding conditions, the riblets will still be effective and reduce the wall shear stress (see figure
2.4). Therefore, in reality the blade would be structured with one specific riblet design. Figure 4.2
displays the calculated s+ distribution for an assumed actual riblet spacing of 10 µm. A schematic
figure of the NACA-65 K48 profile used is given in the diagram in the upper right-hand corner.
The distribution of the dimensionless spacing s+ varies for the suction side between 14.5 and 18.5
and for the pressure side it varies between 13 and 17.8. According to figure 2.4, a dimensionless
riblet spacing between 13 and 18.5 leads to a wall shear stress reduction of approximately 7 - 8 %.
In order to achieve this very large wall shear stress reduction the optimal design of riblets, namely
the riblets with trapezoidal grooves and an opening angle of 30° need to be used.
It can be clearly seen that for a specific riblet model the wall shear stress is reduced greatly over
a certain s+ range. The riblet size on blades will be optimized for one specific condition. With
slight changes of the velocity distribution along the blade surface, the riblets will still be effective.
Even when the s+ distribution varies between 10 and 24 with the optimum riblet design, the wall
shear stress reduction will always be approximately 5 % up to 8 %. It might be reasonable to
structure the blades with different riblets spacing on suction and pressure side for optimal results.
The profile of the curves for the suction side is basically a mirror image of the curve for the
pressure side. Therefore, the dimensionless spacing varies equally great for both cases. Thus, the
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riblet structured surfaces will be equally effective for suction and pressure side, when the correct
riblet spacing is used. This leads to the conclusion that the statements in literature (see chapter
2.3 and literature [40, 41]) that riblets perform on one side better than on the other are not correct.
Preferably pieces in the aeroengine with almost constant flow conditions should be structured
with longitudinal riblets (see chapter 2.1). Besides structuring the blades of the aeroengine, the
structuring of transition pieces, gas path wall and vanes is possible.
The calculated riblet spacing along the NACA-65 K48 profile (see figure 4.1) is slightly lower
than the general estimation of the riblet size for the compressor outlet area (see table 4.2). For the
general estimation, the riblets in the compressor outlet area have a spacing of 15.7 µm whereas the
local calculated riblet spacings along the NACA-64 K48 profile vary between 9.2 and 13 µm. As
explained above, the actual flow parameters along a specific surface vary in contrast to the global
parameters in this area. The reason for this are the complicated and alternating velocity profiles of
the flow, when entering and exiting stator and rotor sections [86]. This also explains the different
mach numbers used for the calculations. The differences of the global and local riblet sizes show
the necessity of performing the most accurate calculations for determining the correct riblet sizes.
The calculations performed showed, that the necessary riblet size varies over a large range
with riblet spacings from around 10 µm up to almost 100 µm. Different fabrication methods are
necessary for producing those sizes accurately. Derived from the calculated results, riblets with a
spacing of around 10 µm, which would be useful for the compressor outlet and larger riblets with
a riblet spacing in the range of 40 µm for the low pressure turbine or the compressor inlet were
chosen as target values for the riblet fabrication within this doctoral thesis. To produce riblets
with those spacings and an exact riblet geometry is quite challenging. The fabrication of larger
riblets with a spacing of around 100 µm is easier and was therefore not investigated. Riblets with
those large spacings can be obtained with the direct structuring methods explained in chapter 2.3.
The goal of the experimental part of this thesis is to explore manufacturing techniques for the
calculated and chosen riblet values.
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5.1 Oxidation of Substrate Material IN718 and NiCoCrAlY
The oxidation behavior of the main substrate material IN718 and of the oxide protection layer
NiCoCrAlY was investigated in detail.
First, the main base material IN718 was oxidized at 900 °C and 1000 °C for 1 h, 5 h, 10 h, 20 h,
24 h, 48 h, 72 h, 96 h and 100 h. IN718 developed a thick, inhomogeneous and porous oxide layer
of mixed oxides and with large variations of the oxide thickness. Oxide spalling occurred at
long oxidation times and preferably for the experiments at 1000 °C. Multiple and mixed oxides
of the elements Cr, Fe, Ni, Nb and Ti formed, which were determined with EDX spectroscopy.
Furthermore, internal aluminum oxide was formed. Figure 5.1 gives an example of the oxide of
an IN718 sample that was oxidized at 900 °C for 72 h. Already from the different shapes of the
oxides, visible in the top view of the oxidized IN718 sample in figure 5.1a, it can be seen that
different oxides developed. Copper was deposited on top of the oxide layer via electrodeposition
as protective layer for the preparation of the cross section (see figure 5.1b). The dark gray areas
represent the oxide. An oxide layer with varying oxide thickness and internal oxidation is visible.
The measured oxide thickness varied between 3.25 and 6.77 µm. No protective and continuous
oxide layer developed because the amount of aluminum in the alloy that could form a protec-
tive oxide scale is with 1.69 at.% too low, since usually at least 10 at.% are necessary to form a
protective alumina oxide scale (see chapter 2.5).
Since an oxide protection layer is needed as a base layer for the riblets, the NiCoCrAlY layer,
which was chosen, was also investigated in detail. This coating forms a protective aluminum
oxide layer, when oxidized at high temperatures. Several preparation methods for the NiCoCrAlY
layer were studied. Sputtering as well as via EB-PVD fabricated layers resulted in compact
coatings with a high density. Since the sputtering coating process took with a deposition rate of
10µm5 µm
a) b)
IN718
copper plating
oxide
Figure 5.1: Oxidation of IN718 at 900 °C for 72 h, a) top view b) cross section.
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Figure 5.2: NiCoCrAlY before and after oxidation for 10 h at 1000 °C, a) top view of as-coated sample, b)
top view of peened, annealed and polished sample, c) cross section of as-coated sample after
oxidation, d) cross section of peened, annealed and polished sample after oxidation.
7 µm/h much longer compared to the evaporated coating with a coating rate of 577 µm/h, further
deposition of NiCoCrAlY was done with EB-PVD. The deposited thickness of the NiCoCrAlY
layer was around 150 µm. For the oxidation studies, the oxidation behaviors of i) an as-coated,
ii) peened, iii) polished and iv) peened, annealed, and then polished samples were investigated.
The polishing was chosen because a polished surface is useful for some of the riblet fabrication
methods. All samples were oxidized at 1000 °C for 10 h. The relatively short oxidation time
was enough to investigate the different oxidation behaviors of the different surface treatments. In
figure 5.2 the difference between an as-coated sample and a peened and annealed and polished
sample is displayed. The oxide layer consists for both samples of aluminum oxide with traces of
nickel oxide. The oxide layer for the peened, annealed and polished sample is with a thickness
of 0.75 - 2.25 µm not as thick as for the as-coated sample with 0.98 - 4.12 µm. For the as-coated
sample, as well as for the surface polished sample, “inner” oxidation was observed. Even though
the NiCoCrAlY is compact, it has a columnar structure and at the surface single columns are
visible with tiny slits and openings between the columns (see figure 5.2a). Oxygen can also
attack the surface there and in the cross section (figure 5.2b) it looks like inner oxidation. To
avoid this “inner” oxidation the sample surface needs to be peened before or enough material
needs to be grinded down. For the peened sample and the peened, annealed and polished sample,
the coating was dense enough so no “inner” oxidation occurred.
With 22.5 at.% aluminum NiCoCrAlY contains enough aluminum to form a protecting oxide
layer. An amount of 10 at.% aluminum is necessary for a selective oxidation of aluminum in
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nickel alloys (see chapter 2.5). According to literature [54], the Pilling-Bedworth Ratio of Al2O3
on NiAl, the phase in NiCoCrAlY that forms the aluminum oxide layer, lies between 1.64 and
1.78. This is more than the PBR of 1.29 for aluminum oxide on aluminum. However, even with a
PBR between 1.64 and 1.78 the oxide layer is still protective. The PBR is only a rough estimation,
whether an oxide scale is protective or not. Underneath the oxide layer an aluminum depletion
zone develops, as revealed with EDX measurements. Therefore, the NiAl-phase changes into
the Ni3Al-phase with increasing oxidation time. After an oxidation for 100 h at 1000 °C the
Ni3Al was not detected by XRD. This means it was still enough aluminum present and a stable
alumina oxide could be formed. The PBR ratio for Al2O3 on Ni3Al lies between 1.71 and 1.88,
which is already higher than the PBR for Al2O3 on NiAl. With continued oxidation and therefore
continued aluminum depletion underneath the oxide layer, the phases change to the Ni-base solid
solution and the oxide will loose its protection function and a spalling of the oxide will eventually
occur [49].
For the application as bondcoat for thermal barrier coatings, the NiCoCrAlY surface is peened
and annealed for densifying of the coating and a better adhesion of the thermal barrier coating
[87, 88]. This densifying showed also better oxidation results for the plain NiCoCrAlY on IN718
(see figure 5.2) and no “inner” oxidation as compared to the only coated and oxidized sample
occurred. The surface conditions strongly influence the oxidation rate. For a polished MCrAl
surface, it was reported in literature [89] that only stable α-alumina forms, whereas for the un-
polished sample transient oxides develop. The transient oxides (γ , δ and θ ) are only metastable,
more porous and have faster oxidation rates. Thermodynamically unstable oxides grow epitax-
ial on the substrate [52, 89]. This epitaxy can cause the formation of an unstable structure that
fits the lattice parameters of the substrate best. The formation of metastable oxides seems to be
suppressed for the polished sample [89]. According to Jian et al. [89] for the polished surface
less nucleation sites are existent for the formation of metastable alumina grains. The formation of
metastable alumina oxides could be decreased with a polished surface sample but not completely
eliminated. This was the case for the polished NiCoCrAlY sample of this thesis as well as the
investigated samples from literature [89]. Polished NiCoCrAlY bondcoats below thermal bar-
rier coatings show also an enhanced lifetime compared to not smoothed NiCoCrAlY bondcoats
[90]. Yanar et al. [90] have also observed the effect of a reduced oxidation rate for polished
NiCoCrAlY surfaces below a thermal barrier coating. Many surface defects are removed for a
polished surface.
For metastable alumina, which grew on IN718 + NiCoCrAlY samples that were oxidized at
900 °C and 1000 °C, the oxide grows fast and mainly via outward diffusion of aluminum cations
and for the stable α-alumina formation (usually at temperatures above 1000 °C) the oxide grows
via inward diffusion of oxygen along grain boundaries [52, 89, 91]. However, the diffusion of
aluminum in alumina is faster than the diffusion of oxygen which leads to the assumption that
an outward diffusion of aluminum cations occurs [92, 93]. Therefore, the cationic diffusion can
not be ignored during alumina growth [94]. For long oxidation times and/ or for high oxidation
temperatures (above 1000 °C), the transient oxides are transformed into stable α-alumina (see
NiCoCrAlY oxidation at 1100 °C, chapter 5.2). As soon as a continuous alumina layer exists, no
other oxides form since the necessary oxygen partial pressure for the other oxides is higher than
the oxygen partial pressure for aluminum (see figure 2.7).
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Based on the oxidation experiments, the decision was made, that IN718 is not suitable to be
used as pure substrate for the deposition or grooving of riblets. Such an inhomogeneous oxide
layer, which forms on IN718 would interfere with the tiny riblets and the riblets would spall
easily. Therefore, the oxidation protection layer NiCoCrAlY was chosen based on the results of
this chapter. Since this coating was fabricated via EB-PVD the columnar structure of the coating
was densified via peening, to avoid “inner” oxidation. An additional polishing step, which is
favorable for some of the riblet fabrication methods, has also the advantage of having a thinner
oxide compared to an as-coated NiCoCrAlY coating.
5.2 Sputter Deposition and Oxidation of Different Coatings
on NiCoCrAlY
For the bottom up approach for the fabrication of riblets, first, different materials were deposited
via sputtering on NiCoCrAlY followed by annealing and oxidation to study their oxidation rate
compared to NiCoCrAlY and their adhesion to the NiCoCrAlY layer. A layer of 2.5 µm thick-
ness of the following materials was deposited via sputtering onto peened, annealed and polished
NiCoCrAlY: Ti, Al, Si, Cr, Ni and Pt.
All samples except the Cr coated sample were annealed at 1080 °C for 30 min. The annealing
resulted in a better adhesion between NiCoCrAlY and the deposited layer. Due to the annealing
process no pure single metal element coatings were on top of NiCoCrAlY. Rather, the upper
NiCoCrAlY layer had a large amount of the deposited elements. Only chromium showed a
slightly smoother oxide layer when it was not annealed before oxidation as compared to the other
coating systems. Nickel was the only coating material where bubbles and holes formed in the
coating after the annealing. The contact between the coating and the substrate in the as-coated
state was smooth and tight. No oxygen or other gaseous elements were detected in the nickel
layer, which could be responsible for the formation of bubbles as they might have been evapo-
rated during annealing. Oxidation without annealing led to spalling of the oxide. The following
preparation methods were tried to avoid the formation of bubbles and holes in the nickel coating
after annealing: peening of the NiCoCrAlY surface before sputter deposition of nickel, 80 V bias
during nickel deposition, nickel deposition at 500°C and annealing at 1080 °C with no holding
time. None of these modifications solved the problem of bubble formation. The effect of the
formation of holes and bubbles after annealing was not investigated further because additional
experiments with electrodeposition of nickel did not show bubbles and holes after annealing and
also no spalling of the oxide occurred. Besides, further investigation of the annealing of nickel on
NiCoCrAlY is beyond the focus of this work.
The oxidation was performed at 1000 °C and additionally at 1100 °C for 100 h, in order to see
a large impact on the oxidation rate. All performed oxidation tests and their results are stated
in table 5.1. The results of the oxidation at 1100 °C for 100 h for the other coating materials on
NiCoCrAlY (except for the nickel coated sample) as well as the pure NiCoCrAlY are displayed in
figure 5.4. The SEM pictures for the oxidation tests at 1100 °C were chosen because the samples
oxidized at 1100 °C showed a larger visible oxide thickness. All samples were analyzed with
EDX spectroscopy and XRD. Due to the many elements in one sample, up to seven, and the
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Table 5.1: Oxidation of different coating systems (top coating thickness 2.5 µm) at 1000 °C and 1100 °C
for 100 h.
oxidized
sample
temperature
[°C]
oxide
thickness
[µm]
remarks
NiCoCrAlY 1000 2.2 - 4.0 porous transient alumina, Cr, Ni and Y
additionally detected with EDX
1100 2.9 - 3.8 α-Al2O3, Cr and Y additionally detected
with EDX
NiCoCrAlY+Ti 1000 1.3 - 2.6 Al2O3, with particles of Cr-, Co-, Ni- and
Ti-oxide in the upper layer,
without annealing spalling of the oxide
1100 3.2 - 5.3 α-Al2O3, TiO2, traces of Cr-, Co-, Ni-oxide,
without annealing spalling of the oxide
NiCoCrAlY+Al 1000 2.2 - 4.2 porous Al2O3 with particles of Ni-, Cr-,
Co-oxide
1100 3.9 - 4.8 porous Al2O3 with particles of Ni-, Cr-,
Co-oxide
NiCoCrAlY+Si 1000 1.5 - 3.0 two layer oxide structure, upper layer SiO2
with particles of Ni-, Cr-, Co-, Al-oxide,
lower layer Al2O3
1100 2.8 - 4.3 two layer oxide structure, upper layer SiO2
with particles of Ni-, Cr-, Co-, Al-oxide,
lower layer Al2O3
NiCoCrAlY+Cr 1000 4.3 - 5.8 two layer oxide structure, upper layer Cr2O3
with traces of Ni-, Co-, Al-oxide, lower layer
Al2O3, no annealing, with annealing rough
interface metal-oxide
1100 6.3 - 8.2 two layer oxide structure, upper layer Cr2O3
with traces of Ni-, Co-, Al-oxide, lower layer
Al2O3
NiCoCrAlY+Pt 1000 1.4 - 2.5 partly spalling of the oxide, Al2O3 with
traces of Ni-, Co-, Cr-oxide
1100 2.3 - 5.1 partly spalling of the oxide, Al2O3 with
traces of Ni-, Co-, Cr-oxide
formation of solid solutions it was very difficult to identify the correct phases. Therefore an XRD
pattern is only given for selected coatings.
The reference NiCoCrAlY coating has a homogeneous oxide after oxidation at 1100°C with
a thickness of 2.9 - 3.8 µm (see figures 5.4a + b). The oxide has a good adhesion to the metal.
According to EDX measurements, the oxide consists mainly of aluminum oxide. Additionally,
the elements yttrium, nickel and chromium were detected. With XRD α-Al2O3 was identified
additionally to the substrate peaks corresponding to the β -NiAl-phase and the γ-Ni-base solid
solution (see figure 5.3). The peaks of alumina were slightly shifted which is an indication that
the Al2O3 is not pure but contains some additional elements. The existence of stresses, which can
also generate a peak shift can be excluded since all peaks were shifted in the same direction. Since
Cr2O3 crystallizes also in the corundum structure and its peaks are also slightly shifted from the
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Figure 5.3: XRD pattern of oxidized NiCoCrAlY at 1100 °C for 100 h.
identified phase, it is supposed that a solid solution of a doped Al2O3 exists and/ or a doped Cr2O3.
This is very likely since at the initial oxidation, all elements present at the surface form oxides at
the alloy surface [52]. This explains also the detection of all elements of the NiCoCrAlY layer in
the EDX. The formation of yttria is very common for the annealing and oxidation of NiCoCrAlY.
Yttrium is a very reactive element and improves the alumina scale adhesion to the metal (see
chapter 2.6). The amount of the present phases other than β -NiAl-phase, γ-Ni-base solid solution
and α-Al2O3 which might have formed during initial oxidation such as NiO, Y2O3 or Cr2O3 is
small such that no other peaks were detected with XRD. After the formation of a continuous
alumina layer no other oxides will form since alumina is the most stable oxide and it has the
lowest dissociation pressure of all possible oxides (see figure 2.7). The composition of the oxide
layer is similar to the case where NiCoCrAlY serves as bondcoat for a thermal barrier coating.
Additionally to the mentioned phases, also the detection of mixed zone oxides which consists of
α-Al2O3 with ZrO2 precipitations has been observed in the oxide layer between bondcoat and
thermal barrier coating [95].
The IN718+NiCoCrAlY sample coated with titanium has an oxide thickness of 3.2 - 5.3 µm (see
figures 5.4c + d). Compared to the reference NiCoCrAlY the oxide layer of the titanium coated
NiCoCrAlY is larger with an average of 0.9 µm. Again, the oxide has a good adhesion to the
metal. The oxide is rather porous. EDX measurements revealed that it consists of aluminum oxide
and additionally the elements chromium, titanium and nickel were detected. The α-Al2O3 peaks,
measured by XRD, are also shifted, indicating that the phase is not pure. XRD measurements
revealed that additional TiO2 is present in the oxide layer. However, no continuous titanium
oxide layer formed. The titanium forms a fast growing oxide [50] (see also figure 2.8). As
alloying element in NiCoCrAlY it therefore increases the oxidation rate. The increased oxidation
rate can be explained with the many pores and defects during oxide formation.
The Al-coated sample has an oxide layer of 3.9 - 4.8 µm thickness (see figures 5.4e + f). This
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is also an increased thickness of the oxide layer by an average of 1 µm compared to the pure
NiCoCrAlY. The adhesion is not optimal in every sample area. Partly, cracks were visible in the
cross section, which might only have developed during the cross section preparation. However,
the oxide did not spall. The oxide consists of aluminum oxide with a few nickel, chromium or
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Figure 5.4: Oxidation of different sputter deposited coatings on IN718+NiCoCrAlY at 1100 °C for 100 h,
a) NiCoCrAlY top view, b) NiCoCrAlY cross section, c) Ti on NiCoCrAlY top view, d) Ti on
NiCoCrAlY cross section, e) Al on NiCoCrAlY top view, f) Al on NiCoCrAlY cross section,
g) Si on NiCoCrAlY top view, h) Si on NiCoCrAlY cross section, i) Cr on NiCoCrAlY top
view, j) Cr on NiCoCrAlY cross section, k) Pt on NiCoCrAlY top view, l) Pt on NiCoCrAlY
cross section.
cobalt spinels. With XRD no transient oxides were measured. The oxide is porous in the upper
part. This porosity leads to the assumption that a lot of transient alumina formed during the initial
oxidation process which were transformed into α-Al2O3 with increasing oxidation time.
The Si-coated sample shows in the top view a very inhomogeneous oxide layer with different
heights (see figures 5.4g + h). This effect is not so severe visible in the cross section. The oxide
thickness measures 2.8 - 4.3 µm. With this thickness the oxide is also fairly thin and only slightly
larger than the oxide layer on NiCoCrAlY. The oxide has a good adhesion to the metal. The upper
oxide layer consists of the oxides of silicon, nickel, chromium, cobalt and aluminum and the oxide
layer below consists of aluminum oxide. The thicknesses of the oxide layers are approximately
equal. During oxidation, first the silicon, nickel, chromium and cobalt are oxidized. Aluminum
oxidized underneath, until a stable and continuous oxide layer developed and no more oxidation
of the other elements is possible (see figure 2.7). This is the so-called selective oxidation (see
chapter 2.5).
The Cr-coated sample (which was not annealed before oxidation) also shows this two layer
oxide structure (see figures 5.4i + j). According to EDX measurements, the upper layer consists
mainly of chromium oxide with small traces of chromium-aluminum oxide. In the uppermost part
of this layer small amounts of nickel and cobalt were detected. The layer below chromium oxide
consists of aluminum oxide with yttrium-aluminates. With XRD the phases β -NiAl-phase and the
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Figure 5.5: XRD pattern of oxidized chromium on NiCoCrAlY at 1100 °C for 100 h.
γ-Ni-base solid solution were detected as well as α-Al2O3, Cr2O3 and some chromium spinels
(see figure 5.5). The β -NiAl-phase and the γ-Ni-base solid solution are the phases from the
metallic NiCoCrAlY layer underneath the oxide. The chromium spinels are most likely nickel-
and cobalt-chromium spinels (NiCr2O4, CoCr2O4), as both, nickel and cobalt were detected via
EDX. These spinels have the same lattice parameters, so that no distinction between them was
possible. These oxides develop during early oxidation. The oxide is the thickest of the investi-
gated coating systems with a thickness of 6.3 - 8.2 µm. The chromium oxide layer is 4.4 - 6.2 µm
thick and the aluminum oxide layer below is 1.4 - 2.8 µm thick. The oxide has a good adhesion
to the metal. Yttrium-aluminates improve the adhesion of the oxide layer to the bondcoat. This
improved adherence is explained in detail in chapter 2.6 and in literature [57]. As soon as the
continuous aluminum oxide layer develops, further oxidation of the other elements will not occur
unless the metal layer exhibits aluminum depletion (see chapter 2.5). The Cr-coated sample was
the only sample, which was not annealed. Therefore during oxidation, first the chromium oxide
layer developed during chromium anionic outward diffusion [52]. After the chromium layer was
completely oxidized, the slower oxygen diffusion could lead to the oxidation of alumina oxide,
which is governed by inward diffusion of oxygen (see chapter 5.1). After the formation of a con-
tinuous alumina layer no other oxides form (selective oxidation) since the necessary oxide partial
pressure for the formation of the other oxides is above the one for aluminum.
The oxide on the Pt-coated sample spalled partially (see figures 5.4k + l). According to litera-
ture [60, 96] a platinized NiCoCrAlY layer increases the life time of the thermal barrier coating
above due to an increased aluminum activity and the formation of α-Al2O3. However, the plat-
inum layer there was 5 - 8 µm thick and there was a thermal barrier coating above. Despite the
fact that the oxide spalled partly for the Pt-coated sample, it shows the thinnest oxide layer with a
minimal thickness of 2.4 µm. This thickness was measured in the intact areas. As confirmed with
XRD the oxide consists almost exclusively of α-Al2O3. The α-Al2O3 peaks were only slightly
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Figure 5.6: Oxide thicknesses of pure NiCoCrAlY and NiCoCrAlY with a top layer of Ti, Al, Si, Cr and
Pt, respectively.
shifted. EDX measurements revealed that additionally chromium was detected in the upper part
of the oxide layer. This explains the slight shift of the alumina peaks. The spalling of the oxide
was not investigated in detail since this would be beyond the scope of this doctoral thesis.
In figure 5.6 a comparison of all oxide thicknesses is shown. The maximum and minimum of
the oxide thickness are shown in the diagram rather than the standard deviation, since the range
of the oxide thickness is more important. The sample with chromium on IN718 + NiCoCrAlY
had the largest increase in oxide thickness, whereas titanium, aluminum, silicon and platinum
have around the same oxide thickness than NiCoCrAlY. The annealed chromium coated sample
had an oxide thickness in the same range than the sample without annealing. Therefore, it can
be excluded, that the different treatment of the chromium coated sample compared to the other
samples is responsible for the large oxide thickness.
The elements chromium and silicon, aluminum, and titanium are promising candidates for the
bottom up fabrication of riblets because of their good oxide adhesion to the metal underneath.
Besides, their oxide layers on top of NiCoCrAlY are fairly compact and the oxide did not spall.
For all samples a protective alumina scale formed, which protects the material underneath from
further fast oxidation. The aluminum and titanium coated and oxidized samples had only an
aluminum oxide layer in contrast to the chromium and the silicon coated sample, which consists
of an upper chromium oxide layer and silicon oxide layer, respectively, and a protective alumina
layer underneath. Of all coating elements, chromium had the largest volume increase compared
to NiCoCrAlY. Therefore, riblets which are small in height can be fabricated with chromium
and they will obtain their final height after oxidation. For the application as riblet coating in
an aeroengine, several facts should be kept in mind. Even though silicon produces a protective
and thin oxide scale like aluminum and chromium, according to literature [51, 56], it enhances
the brittleness when used as alloying component above 1 wt.% in nickel alloys. Additionally,
SiO evaporates at high temperatures and low oxygen partial pressures. Chromium oxide tends to
50
5.3 Electrodeposition of Nickel Coatings
evaporate at high oxygen partial pressures and temperatures above 1000°C and scale buckling can
occur as a result of compressive stress development [49]. From the high temperature oxidation
point-of-view, additional chromium or silicon on NiCoCrAlY might not be so well suited as
compared to aluminum or titanium which after diffusion and oxidation form a protective alumina
layer which protects the metal underneath. However, for the fabrication of riblets the formation of
the faster growing chromium or silicon oxide layer is no disadvantage since possible chromium or
silicon riblets would just transform into chromium oxide or silicon oxide riblets when exposed to
high temperature. As long as a good adhesion exists with the protective alumina layer underneath
chromium or silicon oxide riblets will be a good choice.
5.3 Electrodeposition of Nickel Coatings
The method of electrodeposition is a proven technology for coatings on blades for aeroengines,
e.g. the deposition of Pt as platinum aluminum diffusion coating for oxidation protection [97].
Besides, electrodeposition of metals is a suitable method for the fabrication of structures with a
high aspect ratio (see chapters 3.3.2 and 5.7). Nickel, platinum and chromium can be easily de-
posited via electrodeposition. Chromium electrolytes are usually very harmful to health because
they contain Cr(VI)-compounds, which are carcinogen. Electrolytes with Cr(III)-compounds are
also available, however, they are not as stable as the Cr(VI)-electrolytes. Compared to nickel,
platinum electrolytes are more expensive.
Aluminum, titanium and silicon can not be deposited from an aqueous electrolyte because their
standard electrode potential is too negative so that preferably the dissolution of water takes place
and no deposition of the desired element occurs. Aluminum can be deposited from ionic liquids,
a liquid salt comprised of ions, which has a melting point below 100 °C. The deposition from
ionic liquids is not as trivial as the deposition from aqueous solutions like nickel electrolytes due
to the high instability of the ionic liquids against moisture and air. Currently, the deposition from
ionic liquids of silicon and titanium layers is not possible [98, 99]. Titanium and silicon as well
as aluminum can be deposited with the fused-salt electrolysis, where hot melting salts are used as
electrolyte.
Since the deposition of nickel via magnetron sputtering was not successful and nickel elec-
trodeposition is a state of the art process for the fabrication of microstructures [39], nickel was
chosen as proof of concept material for the electrodeposition of a coating material.
With electrodeposition different coatings with different properties can be achieved, when regu-
lating the deposition parameters, because they influence the nuclei formation, growth of the coat-
ing and the microstructure [100]. Additionally, the properties of the coatings can also be altered,
when depositing an alloy or a coating with different particles [101, 102]. Especially the deposi-
tion of NiW, NiFe and NiP alloys leads to a higher oxidation and corrosion resistivity compared
to pure nickel.
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5.3.1 Influence of the Variation of the Process Parameters
In order to identify optimal parameters for the microstructure of the nickel coatings, the influence
of the deposition parameters on the microstructure for nickel electrolytes was investigated. Part
of all samples was coated with a nitrocellulose lacquer so that a sharp edge between coated and
uncoated area existed. Prior to the actual nickel deposition a thin nickel strike layer was deposited
for obtaining a better adhesion between substrate and coating (see chapter 3.2). Nickel was de-
posited from the nickel sulfate solution with the surfactant SDS on the substrate IN718 with a
NiCoCrAlY coating. The standard conditions for the nickel deposition were T = 45 °C, t = 10 min
and J = 10 mA/cm2. For the analysis of the parameter influence on the coating structure, one of
the parameters was changed and the other two were the standard parameters.
The results of the parameter study can be seen in figure 5.7. The nickel coated part is always to
be seen on the left hand side of the pictures. On the left side are the parameters with the smaller
value than the standard parameter and on the right side are the parameters with the higher value.
For the standard parameters (figure 5.7a), a columnar nickel growth was observed.
The lower deposition temperature (see figure 5.7b), changes the microstructure in such a way,
that the nickel columns have no sharp tips, as in the case for higher temperature. The higher
deposition temperature (see figure 5.7c), led to a distinctive formation of the column texture. The
nickel has a high surface area and therefore the sample appeared almost black with the naked
eye. At low temperature, adatoms can not diffuse enough to settle at the energetic best position
due to the low temperature. The column texture develops with increasing deposition temperature.
Additionally, the stresses are lower at high temperature deposition. At temperatures lower than
the 23 °C used, the components in the electrolyte begin to crystallize. Above a temperature of
about 70 °C the nickel salts begin to decompose [100].
The lower current density results in a lower deposition rate. This can be seen in figure 5.7d. The
crystallites are small compared to the larger crystallites of figure 5.7e. For the low current density,
the crystallites are not as pronounced as for the higher current density. According to literature, low
current densities lead to coatings similar to the deposition of coatings at low temperature [100].
This also conforms to the results of the experiments for this thesis (see figures 5.7b and 5.7d).
Buchheit et al. [82] tested the mechanical properties depending on the current density during
electrodeposition. With increasing current density the elastic modulus decreases, as well as the
tensile strength and the hardness. As the average grain size increases with increasing current
density, the material strength decreases (Hall-Petch relationship).
For the short deposition time in figure 5.7f, the coating is very thin and the orientation of the
crystallites is influenced by the substrate. For long deposition times, the surface is similar to
the standard deposition since the substrate orientation has no effect on the microstructure of the
coating, (see figure 5.7g). The lattice parameters for the substrate and the nickel coating are
similar, especially for the nickel and the γ-Ni-base solid solution which leads to a pseudomorphic
growth [103]. For short deposition times, the coating grows with the lattice parameter of the
substrate, which leads to internal stresses in the coating. The internal stresses due to substrate
orientation of the coating disappear with increasing coating thickness [100].
In a wide process window, dense nickel coatings with a good substrate adhesion can be fabri-
cated. The results show that microstructure and the resulting properties of the electrodeposited
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b) c)
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f) g)
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Figure 5.7: Top view of nickel electrodeposition on IN718+NiCoCrAlY with different nickel deposition
parameters. a) standard parameters T = 45 °C, t = 10 min and J = 10 mA/cm2, b) temperature
changed to 23 °C, c) temperature changed to 65 °C, d) current density changed to 5 mA/cm2,
e) current density changed to 20 mA/cm2, f) deposition time changed to 1 min, g) deposition
time changed to 20 min.
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nickel coatings can be tailored to the individual need of the application. Furthermore, thermal or
mechanical improvement of the nickel coatings can be obtained when using the co-deposition of
particles or additional elements such as wolfram or iron [46, 104, 100].
5.3.2 Influence of Different Substrates and Electrolytes
Since the electrodeposition of nickel is well suited for the fabrication of riblets, nickel was de-
posited on a variety of substrates. Depending on the substrate and the electrolyte used, different
microstructures were obtained (see figure 5.8). The electrolyte temperature was 45 °C and the cur-
rent density was 10 mA/cm2 for the nickel sulfate solutions and 11 mA/cm2 for the nickel sulfa-
mate electrolyte, for all experiments. In general, the nickel sulfate solution led to a fine grained
nickel layer compared to the coarser grains obtained by nickel sulfate solution with the surfactant
SDS. In contrast to that, the nickel sulfamate solution always resulted in a very smooth layer with
almost no optical indication of grain boundaries. The adhesion to the substrate was very good for
all specimens. The deposited layers look similar for the IN718, IN718 + NiCoCrAlY and TiAl
sample. Since all samples were mirror polished, the surface roughness of the different materials
had no influence on the deposition. A coating thickness of approximately 2.5 µm (deposition time
10 min) was deposited on each sample. Reference tests with a coating thickness of around 25 µm
were additionally performed.
For the CMSX-4, the coating looks different than for the other samples, figures 5.8g, h, i. The
single crystalline substrate with a <100> orientation has a major effect on the coating formation.
The deposited nickel tries to arrange itself according to the lattice of the CMSX-4. The lattice pa-
rameters of nickel and the CMSX-4 are in the same range. For the γ-phase in CMSX-4, the lattice
constant was measured to be between 0.3575 and 0.3586 nm [105]. For the γ ′-phase, the lattice
constant varies between 0.3575 and 0.3603 nm [105]. Compared to this the lattice constant for
pure nickel is 0.3524 nm [106]. This means that for the CMSX-4 substrate a deposition from two
dimensional nuclei took place. This is the so called pseudomorphic growth [103]. The adatoms
diffuse on the surface and settle at energetic favorable places like surface steps or dislocations. Es-
pecially for the coating deposited from the nickel sulfate solution growth steps are visible, which
are an indication for the described mechanism. For IN718, the lattice constant is 0.362 nm [57]
and therefore, also not so far away from the one for pure nickel, however, since this substrate is
polycrystalline, with different grain orientations and no homogeneous lattice at the surface, the
substrate had no influence on the morphology of the coating. The silicon samples used were also
single crystalline, but the lattice constant of silicon is with 0.543 nm [107] much larger than the
one for pure nickel. Furthermore, the silicon samples had a thin metallization layer, which was
deposited via PVD. Therefore the substrate had no influence on the coating microstructure as for
the CMSX-4 sample.
As TiAl substrates, both TiAl alloys (TNB-V5 and TiAl-Mo) were used. The nickel coating
looked the same on both alloys. In figures 5.8 the results for the TiAl-Mo alloy are shown. The
edge of the nickel coating on the TiAl sample is not as straight as for the other samples (see figures
5.8j, k, l). This was caused by the dipping of the sample into hydrofluoric acid for removing the
oxides prior to electrodeposition. Titanium is not stable in HF and dissolves easily. Due to this
reaction an underetching of the resist takes place and during nickel deposition nickel deposits also
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Figure 5.8: Nickel electrodeposition from different solutions on different substrates, a - c) on IN718, d - f)
on IN718 + NiCoCrAlY, g - i) on CMSX-4, j - l) on TiAl, a), d), g), j) nickel sulfate electrolyte,
b), e), h), k) nickel sulfate electrolyte + SDS, c), f), i), l) nickel sulfamate electrolyte.
in the under etched areas. However, the HF dip was essential for the adhesion of the electroplated
nickel layer. Titanium and its alloys are difficult to galvanize due to the thin native oxide layer.
This oxide needs to be removed and the surface needs to be activated.
For the electrodeposition of riblets with the help of a structured resist on TiAl another method
than the performed HF dip, for removing the oxides and activating the surface needs to be used.
Further information concerning the electrodeposition on titanium and its alloys as well as their
pretreatment can be found in literature [108]. The performed experiments showed the general
feasibility of the electrodeposition of nickel coatings on TiAl.
All of the investigated samples are applicable for the electrodeposition of nickel. The adhesion
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between the coating and the substrate material was very good. The microstructure of the coating
looked similar for all polycrystalline specimens with the typical column texture. For the CMSX-4
substrate, the coating grew with orientation to the substrate.
5.4 Oxidation of Electroplated Nickel on Various Substrates
The nickel coated samples were oxidized at various temperatures for 100 h. As an example for the
oxidation tests, samples were chosen that were coated with nickel from a nickel sulfate solution
with the surfactant SDS (see second column of figure 5.8). The nickel electrolyte with the surfac-
tant was chosen because of a better comparison with the electrodeposited nickel riblets in chapter
5.7. For better wettability and a better removal of hydrogen bubbles, a surfactant is required for
the deposition into channels or holes.
The sample in figure 5.9 is an oxidized IN718 sample with a NiCoCrAlY coating, which was
coated with nickel. Again, the nickel coated part is shown on the left hand side of figure 5.9a.
The sample was oxidized for 100 h at 1000 °C without prior annealing. An annealing step before
the oxidation resulted in a large diffusion of the nickel coating into the NiCoCrAlY layer under-
neath and after annealing no nickel layer on top of NiCoCrAlY was visible in the SEM anymore.
However, unlike the sputtered nickel coatings, no spalling of the oxide occurred and no bubbles
or holes formed during annealing. Different areas with different oxide compositions in the cross
section are labeled with the numbers 1 - 4 in figure 5.9b. The upper oxide layer (1) consists of
nickel oxide followed by a layer (2) consisting of nickel, chromium, aluminum and oxygen. The
oxide layer which is in direct contact with the NiCoCrAlY layer is a continuous aluminum oxide
layer (3) with some yttrium aluminates (4). The complete oxide layer has a thickness of approxi-
mately 3.0 - 4.3 µm. The oxide layer at the NiCoCrAlY side varied between 2.2 and 4.0 µm. The
oxide consists of aluminum oxide with some particles containing chromium and yttrium. As soon
as a continuous alumina layer developed no further oxidation of other elements will occur (see
figure 2.7). The surface morphology of the oxide scale is faceted as typical for nickel oxidized at
1000 °C. This morphology is common for cationic oxide growth and the nickel oxide grows via
outward diffusion (at the interface oxide to gas atmosphere) [109].
The adhesion of the oxide from the former nickel layer to the NiCoCrAlY is good. However,
there are some pores between the nickel oxide layer and the alumina oxide layer, which might
cause a failure of the oxide for longer oxidation times. These pores are Kirkendall voids, which
developed due to the outward diffusion of nickel, leaving vacancies behind that will eventually
form voids [110, 111]. At the oxidation temperature of 1000 °C transient alumina forms, which
has a higher oxidation rate compared to the denser and more protective α-alumina (see chapter
5.1). Reference oxidation tests for 100 h at 1000 °C, of a nickel coating having a thickness of
around 25 µm showed that the oxide also adhered well and after oxidation the oxide scale was
around 30 µm thick. In general, it should be possible to have nickel riblets on NiCoCrAlY, which
oxidize and still adhere well on NiCoCrAlY.
Very good adhesion of the oxide scale to the substrate was observed for nickel on
CMSX-4 after oxidation at 1000 °C for 100 h (see figure 5.10). Again, the oxide layer is com-
prised of different layers. The upper layer (1) consists of nickel oxide, followed by a layer (2) of
mixed oxides of the elements aluminum, chromium, nickel and tantalum. After this, a thin layer
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Figure 5.9: Oxidation at 1000 °C for 100 h of nickel coated IN718 + NiCoCrAlY sample, a) top view,
b) cross section of nickel coated side with marked areas.
(3) of aluminum oxide with nickel oxide exists and at the interface to the metal an aluminum ox-
ide layer (4) developed. The complete oxide layer has a thickness of about 11.6 - 15.2 µm and the
oxide thickness of the pure CMSX-4 is 4.1 - 5.0 µm. On pure CMSX-4 a mixed oxide layer with
the elements nickel, chromium, cobalt, tantalum and hafnium exists above a alumina layer. In the
top view little black “holes” are visible. These “holes” are growth steps that developed during
oxidation because the energetic most-favorable places were chosen by the oxide molecules. The
different crystallographic planes grow at different growth rates and this leads to the formation of
those growth steps. Also, screw dislocations are the source for growth steps. The thin continuous
alumina layer will protect the sample from further rapid oxidation. Since no Kirkendall voids
were observed, the nickel oxide on CMSX-4 is expected be more stable and have a better adhe-
sion to the substrate than the nickel oxide on NiCoCrAlY. Due to the large difference of the oxide
height at the nickel coated side and the uncoated area and additionally due to the very good adhe-
sion, CMSX-4 seems to be a favorable substrate for riblet deposition and subsequent oxidation.
In chapter 5.8 some results for the oxidation of nickel riblets on CMSX-4 are presented.
Furthermore, the nickel coated TiAl samples were oxidized. For the oxidation tests, the alloys
TNB-V5 and the TiAl-Mo were tested. Since the operating temperature range of TiAl reaches up
to 600 - 800 °C [50], the nickel coated TiAl samples were tested at lower temperatures than the
nickel based alloys. The oxidation temperatures were 400 °C, 600 °C and 900 °C. The samples
Figure 5.10: Oxidation of nickel coated CMSX-4 at 1000 °C for 100 h, a) top view, b) cross section of
nickel coated part with marked areas.
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were oxidized for 100 h. At 400 °C no severe oxidation took place. In the top view tiny oxides
were visible and also detected with EDX. The oxides did not form a closed and continuous oxide
layer. Therefore, the TiAl samples oxidized at 400 °C are not depicted. At 600 °C oxidation
took place and the nickel coating was oxidized as well as the TiAl beneath. The uncoated TiAl
parts were oxidized slightly compared to a larger oxidation effect on the nickel coated side. In
the cross section no continuous oxide layer was found on the TiAl side. Figure 5.11 shows the
oxidation results of the TiAl-Mo alloy. Different areas with different oxide compositions in the
cross section are labeled with the numbers 1 - 4. Within a nickel oxide layer (1) on the top, which
has a thickness of 1.4 - 2.3 µm, unoxidized particles (2) up to 1.2 µm size containing nickel with
a low content of titanium were detected with EDX. Below the nickel oxide layer an oxide layer
with the elements aluminum, titanium, nickel and niobium (3) with a thickness of 0.9 - 1.4 µm
was found. It looks like an aluminum oxide layer with some embedded particles. However, the
elongated particles were too small with a length of up to 170 nm, to exclusively measure them
with EDX. Underneath the oxide layer a nickel rich layer with 50 at.% nickel (4) also containing
aluminum, titanium and niobium with a thickness of 0.4 - 0.8 µm was detected. The oxide layer
has a complete oxide thickness of around 2.7 - 3.6 µm. On the pure TiAl side, no continuous
oxide layer was found. The oxidized nickel layer has a platelet scale morphology (see figure
5.11a). This morphology has also been reported by Peraldi et al. [109]. They observed this oxide
scales shape between a oxidation temperature range of 600 and 900 °C on pure nickel. On pure
nickel a duplex scale is formed with a porous internal layer and a more compact outer layer. The
platelets grow on top of the outer layer of faceted oxides or on cellular scales. Peraldi et al. [109]
suggest that the size of the platelets is fixed by the NiO grain size and their nucleation depends
on defects such as dislocations generated by scale growth stress in NiO grains. Their growth
is supposed to occur by cationic diffusion. The duplex scale structure was not observed for the
oxidized TiAl sample with the nickel coating. The oxide scale is not comprised of pure nickel as
in the case of the samples from Peraldi et al. [109]. For an application at temperatures of 600 °C,
nickel riblets on TiAl-Mo seem to be suitable as nickel oxide has a good adhesion and TiAl does
not show a severe oxidation at all.
The TNB-V5 alloy with a higher niobium content than TiAl-Mo was also oxidized at 600 °C
for 100 h after the electrodeposition of nickel. The composition of the oxide layer looks similar
Figure 5.11: Oxidation of nickel coated TiAl-Mo at 600 °C for 100 h, a) top view, b) cross section of nickel
coated part with marked areas.
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Figure 5.12: Oxidation of nickel coated TNB-V5 at 600 °C for 100 h, a) top view, b) cross section of the
nickel coated part with marked areas.
Figure 5.13: Oxidation of nickel coated TNB-V5 at 900 °C for 100 h, a) top view, b) cross section of the
nickel coated part with marked areas.
than the oxide of the TiAl-Mo. The adhesion between the oxide and the metal is also good. Figure
5.12 shows the oxidized sample. Again, different areas with different oxide compositions in the
cross section are labeled with the numbers 1 - 4. The upper oxide layer (1) consists of nickel
oxide (thickness 3.8 - 4.0 µm) with some inclusions of unoxidized metal (2) (thickness 1.9 µm).
This time the metal particles mainly consist of nickel with a little bit of aluminum. The darker
oxide layer below (3) consists again of aluminum, titanium, nickel and niobium (thickness 1.0 -
1.8 µm). Underneath the oxide layers is also a nickel rich (4) layer containing aluminum, titanium
and niobium (thickness 0.8 - 1.3 µm). The overall oxide layer has a thickness of about 5.4 - 6.3 µm.
The uncoated TiAl side has a oxide consisting of aluminum, titanium and niobium. The oxide
thickness varies from almost no oxide layer up to 2 µm. On the surface of the nickel oxide,
platelets are visible. However they are not as pronounced as for the TiAl-Mo sample. The scale
morphology depends on surface preparation and orientation, water vapor concentration, oxide
scale thickness and nickel purity [109]. The different scale morphology between TiAl-Mo and
TNB-V5 had no influence at 600 °C for the adhesion properties of the oxide layer to the substrate.
For the application of nickel riblets, TNB-V5 seems to be a good choice as the adhesion of the
oxide scale is good and TiAl forms only a thin oxide.
The oxidation test at 900 °C for 100 h was only successful for the TNB-V5 alloy. The oxide
scale of the TiAl-Mo alloy spalled on the nickel coated part as well as the pure TiAl-Mo. The
higher niobium content in TNB-V5 makes this alloy more oxidation resistant. The formation of
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Nb2O5 leads to a formation of mixed oxides with TiO2 and Al2O3, which improves the adhesion
of the oxide scale and blocks diffusion paths [50]. The oxidized nickel coated TiAl sample can
be seen in figure 5.13. Different areas with different oxide compositions in the cross section
with the nickel coating are labeled with the numbers 1 - 6. The upper oxide layer (1) consists of
nickel oxide. The slightly darker oxide layer below (2) consists of aluminum, titanium and nickel.
Below this layer an even darker oxide layer (3) with a relatively large amount of aluminum and
some titanium is visible. The next oxide layer, which is quite porous (4) consists of aluminum,
titanium and niobium. The oxide layer below (5) contains titanium and niobium. Underneath
the oxide layers is also a nickel rich layer (6) containing additionally aluminum, titanium and
niobium. Even though only a thin upper part of the oxide layer consists of pure nickel oxide, the
morphology is faceted as common for the oxidation of nickel at those temperatures [109]. The
oxide scale of the nickel coated part measures approximately 12.4 - 13.8 µm and the pure TiAl
side has an oxide scale of 14.0 - 17.5 µm. This means that potential nickel riblets on TiAl would
be lower than the oxidized TiAl riblets. The oxide on TiAl has a three layer oxide structure. The
upper most layer consists of titanium oxide with a small amount of aluminum. The second layer
consists of more aluminum oxide and a small amount of titanium and the third oxide layer consist
of the mixed oxides of aluminum, titanium and niobium oxide. This oxide structure was also
observed by Braun et al. [112] on γ-TiAl, oxidized at 900°C for 1000 cycles.
Nickel is a good candidate as a coating for reducing the oxide rate of TiAl. Peng et al.
[102] studied the oxidation behavior of electrolytically deposited nickel with La2O3 particles on
γ-TiAl. Oxidation experiments were carried out up to 1000 °C for 48 h. The oxidation resistance
was enhanced greatly and the oxidation rate of the coated samples was much lower than for pure
TiAl. An even better oxidation protection can be achieved with a TiAlCr or TiAlCrYN coating
[113]. Also with the halogen effect the oxidation rate of TiAl can be reduced because, due to the
presence of halogens a preferential alumina formation occurs. Currently, the reduced oxidation
rate is studied for the fabrication of riblets as drag reduction for a possible application on TiAl
turbine blades [114]. Since the operation temperature of TiAl alloys will be below 900 °C, there
is no reason to worry about the spalled oxide of TiAl-Mo. Alloys with three or more phases, as
in the case for TiAl-Mo, are subject of current research as they are more promising due to their
better forming properties than TiAl alloys with two phases like TNB-V5 [115].
The diagram in figure 5.14 shows the differences of the oxide thicknesses of the substrates
used and the formerly with nickel coated sample side. The maximum and minimum of the oxide
thickness are shown in the diagram rather than the standard deviation, since the range of the
oxide thickness is more important. For the nickel coating on IN718 + NiCoCrAlY the oxide
thickness after 100 h at 1000 °C is in the same range than for the pure NiCoCrAlY coating. For
the application as riblet, the nickel coating needs to have a thickness in the range of the final riblet
height since their was no large volume increase compared to the NiCoCrAlY oxidation. For the
nickel coating on CMSX-4 the volume increase is much larger. Therefore, small nickel riblets can
be deposited, which can reach their final height during operation. For the TiAl samples oxidized at
600 °C the substrate material oxidized only slightly. For this reason the height difference between
substrate and nickel coating is maintained even after oxidation. The TNB-V5 sample with the
nickel coating, which was oxidized at 900 °C for 100 h shows a thicker oxide for the substrate
material, than for the coated side. Nickel acted as a oxidation protection. As mentioned above,
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Figure 5.14: Comparison of the oxide thickness of electrodeposited nickel coatings on NiCoCrAlY,
CMSX-4, TiAl-Mo and TNB-V5 at various temperatures.
potential nickel oxide riblets on TNB-V5 would be thinner, than the TiAl oxide riblets, which
would grow between the nickel oxide riblets. However, the oxide is already pretty thick, which is
not desired for the substrate material during application.
The oxidation at around 1000 °C for the nickel coating is the worst case study, since turbine
blades will be coated with an additional thermal barrier coating above this temperature, as the
mechanical properties will decrease drastically at temperatures above [31]. In the high pressure
turbine, right after the combustion chamber, where gas temperatures are around 1250 °C nickel
riblets will not be suitable since the turbine blades have a zirconium dioxide thermal barrier coat-
ing, which has a rough surface and porous structure [49]. For the application in the compressor
and the low pressure turbine, the temperature will be much lower with up to around 800 °C (see
chapter 4 and appendix A). The TiAl alloys were tested at lower temperatures due to their lower
operating temperature. Both TiAl alloys showed a good oxide adhesion for the nickel coating
up to 600 °C and 100 h. The nickel electrodeposition followed by the oxidation showed that the
oxide adheres well on the substrates. This is an important necessity for further investigations
of nickel riblets on different substrates. The electrodeposition of nickel was chosen due to the
easy accessibility of the electrolyte. As mentioned earlier, chromium and platinum are also pos-
sible to deposit via electrodeposition. Even NiCoCrAlY can be deposited with electrodeposition.
However, for the deposition of riblets having a spacing of 10 µm or less it is not suited since the
electrolyte contains CoCrAlYTa [116] or CrAlY [117] particles which have a diameter of 4 µm
and 1 - 10 µm, respectively. For the fabrication of riblets having a spacing of 10 µm or less, the
particles would need to be in the nanometer regime. How tall the necessary riblets need to be
needs to be tested and optimized for the specific application area (see chapter 4).
An overview of all performed oxidation experiments is given in table 5.2. In this table in-
formation of the oxidation of the substrates and the substrates with the nickel coating (+Ni) are
given.
61
5 Results and Discussion
Table 5.2: Oxidation of different substrates with and without electrodeposited nickel coating (2.5 µm) at
various temperatures for 100 h.
oxidized
sample
temperature
[°C]
oxide
thickness
[µm]
remarks
NiCoCrAlY 1000 2.2 - 4.0 porous transient alumina, Cr, Ni and Y
additionally detected with EDX
NiCoCrAlY+Ni 1000 3.0 - 4.3 four layer oxide structure, details see text
CMSX-4 1000 4.1 - 5.0 mixed oxide layer with the elements nickel,
chromium, cobalt, tantalum and hafnium
exists above Al2O3 layer
CMSX-4+Ni 1000 11.6 - 15.2 four layer oxide structure, details see text
TiAl-Mo 400 - no continuous oxide layer
TiAl-Mo+Ni 400 - no continuous oxide layer, only the upper
part of the nickel coating was oxidized
slightly
TiAl-Mo 600 - no continuous oxide layer
TiAl-Mo+Ni 600 2.7 - 3.6 two layer oxide structure with partly
unoxidized particles
TiAl-Mo 900 - spalling of the oxide layer
TiAl-Mo+Ni 900 - spalling of the oxide layer
TNB-V5 400 - no continuous oxide layer
TNB-V5+Ni 400 - no continuous oxide layer, only the upper
part of the nickel coating was oxidized
slightly
TNB-V5 600 0.1 - 2.0 mixed oxide scale of Al-, Ti-, Nb-oxide
TNB-V5+Ni 600 5.4 - 6.3 two layer oxide structure with partly
unoxidized particles
TNB-V5 900 14.0 - 17.5 mixed oxides of Al-, Ti-, Nb-oxide, three
layer oxide structure
TNB-V5+Ni 900 12.4 - 13.8 five layer oxide structure, details see text
5.5 Direct Riblet Fabrication and Subsequent Oxidation
For the direct riblet fabrication, material removal methods were used. The approaches used were
diamond cutting and laser material processing. IN718 samples with a NiCoCrAlY coating were
used for the direct riblet fabrication. It was not possible to fabricate riblets on this coating via
diamond cutting, due to the high machining forces and the subsequent high abrasive wear of
the cutting tool during the fabrication of a plane-parallel substrate. For the diamond cutting, it
is essential that the samples are milled plane-parallel. This is necessary so that the surface can
be precisely aligned with the coordinate system of the processing machine, which generates the
grooves. Due to this negative result the diamond cutting was not investigated further since the
pretreatment of the surface is too complex. Therefore, this method shows no potential for the
later structuring of blades for aeroengines.
Two different lasers were used for the fabrication of riblets with the help of laser material
removal. The structuring with the inscribing laser and the following oxidation of the structures
did not look very convincing. The laser created grooves with fused material that deposited on
62
5.5 Direct Riblet Fabrication and Subsequent Oxidation
Figure 5.15: Fabricated grooves with an inscribing laser, a) top view, b) cross section, c) cross section
oxidized sample at 1000 °C for 100 h.
both sides of the groove as agglomeration. Therefore, the produced riblets have a double tip and
with this shape, no sharp tip is obtained. The as-fabricated riblets with the engraving laser can
be seen in figures 5.15a + b. The height to width ratio is approximately 0.3 and therefore too low
and for an application in the aeroengine the distance between the riblets is too large with 133 µm
(see chapters 2.1 and 4). Due to the energy introduced to the samples, the material below the
fabricated groove was damaged too, leaving holes behind. The interaction of the laser with the
surface induces a shock wave into the material and this leads to the removal of molten material,
leaving holes behind [118].
The samples were oxidized at 1000 °C for 100 h (see figure 5.15c). Additionally to the contin-
uous oxide layer on the surface, oxide along the pores in the NiCoCrAlY layer was also detected.
The fabricated riblets do not fulfill the requirements for reducing the skin drag.
A promising approach for the fabrication of riblets is structuring with a picosecond laser. This
method is especially suitable for material removal and thus structuring of materials, due to a low
heat input. NiCoCrAlY surfaces were structured with this method. Fine and homogeneous riblet
structures could be obtained. Due to the exact computer controlled laser beam, the riblets have a
fairly sharp tip and the desired height to width ratio. The actual distance of the produced riblets
is approximately 40 µm and they are approximately 20 µm high. Slight variation of the heights
and spacings were observed (see figure 5.16). The measured h/s aspect ratio was 0.45. With this
magnitude they are well suited for the application in an aeroengine. The design of the riblets,
obtained via laser structuring is similar to the NASA riblet design (see chapter 2.1). By varying
the laser parameters, the riblet sizes can be changed easily, which means that via picosecond
laser material removal, riblets can be fabricated over a wide range in the aeroengine. Only for
applications, where a riblet spacing of as less as 10 µm is necessary (on compressor blades, see
chapter 4), this method is not suitable. The achievable groove size depends on the material, the
spot size of the laser beam and the beam quality. The major problem for smaller riblets is probably
the NiCoCrAlY material. All components of the alloy show a different behavior when in contact
with the laser beam. The components are not removed equally and this makes it complicated to
fabricate tiny homogeneous riblets. A great advantage of the laser material processing is that even
curved substrates, like the blades and vanes for aeroengines, can be structured.
The riblet structured samples were also oxidized at 900 °C, 1000 °C and 1100 °C for 100 h.
In figure 5.16 the riblets are displayed prior and after oxidation for 100 h at 1100 °C. As to be
seen, the riblets are intact even after oxidation. As the riblets oxidized equally, no change of the
aspect ratio occurred. At 1000 °C and 1100 °C not only alumina developed during oxidation but
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Figure 5.16: Riblets produced via picosecond laser material removal, a) top view, as-fabricated, b) cross
section, as-fabricated, c) top view, oxidized riblets at 1100 °C for 100 h, d) cross section,
oxidized riblets at 1100 °C for 100h.
also yttrium aluminates, which enhance the adhesion with the metal. Alumina as well as yttrium
aluminates were detected at the structured NiCoCrAlY part as well as the planar NiCoCrAlY.
The oxide thicknesses of the structured NiCoCrAlY and planar NiCoCrAlY are in the same
range with a thickness of approximately 3 µm, which was also measured for the unstructured, flat
NiCoCrAlY sample oxidized for 100 h at 1100 °C in chapter 5.2. Due to the sharp tips of the ri-
blets, high stresses develop within the oxide and at the boundary layer oxide to metal. Therefore,
it is important to realize that the oxide could spall in these regions. The oxide did spall partly
for some of the performed experiments at 1000 °C for 100 h. The oxide on NiCoCrAlY spalled
partly in the structured as well as the unstructured areas. The composition of this NiCoCrAlY
differed slightly from the composition of the NiCoCrAlY coating which was oxidized at 1100 °C,
because these coatings were fabricated in two different coating runs. The chromium content for
the coating where the oxide spalled was higher and the nickel and cobalt content are lower than
for the NiCoCrAlY coating, where the oxide stayed intact. Therefore, it can not be excluded, that
the sharp tips are not alone responsible for the spalling of the oxide, but the different NiCoCrAlY
compositions.
The fabrication of riblets via diamond cutting or with an inscribing laser is not suitable. With
the help of a picosecond laser fine and homogeneous riblets can be fabricated. The oxide scale can
spall easily when not the right NiCoCrAlY composition is used or the tips are too sharp, which
induces a lot of stress during oxidation. Therefore, an optimization of the structures is required as
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well as an optimization of the coating composition. A great advantage of laser structuring is that
all different kind of substrate materials or oxide protection layers can be structured.
5.6 Riblet Fabrication with Metal Masks
First experiments for the bottom up fabrication of riblets (see figure 2.5) were done with metal
masks. Substrates were covered with a grid with slits. The size of the fabricated riblets depends
on the size of the slits of a metal mask. Titanium was sputtered onto the sample. The power
used varied between 300 and 400 W. Tests with and without substrate bias were performed. After
removal of the mask, titanium riblets with gaps between them were visible. The best titanium
riblets were obtained with 300 W and a coating time of 5 h. The results can be seen in figure
5.17. The contact between the metal grid and the substrate needs to be tight enough so that no
deposition underneath the mask occurs. Riblets could be obtained with this method. However, for
the application as drag reduction, the produced riblets are too large and the resulting aspect ratio
is too low for effective riblets. The riblets in figure 5.17 were up to 50 µm wide and only 1 µm
high. The general problem is that it is not possible to create high enough riblets with masks and
physical vapor deposition. The mask will close up by the deposited material instead of titanium
depositing on the ground. In the schematic drawing in figure 5.18 the preferential deposition of
the coating at the top of the mask is displayed. For magnetron sputtering, diffusion processes are
dominant so that an increased material deposition takes place at corners or the walls of the mask,
due to a self-shadowing effect, caused by the formation of clusters at the corners of the mask.
Figure 5.17: Titanium riblets produced via sputtering through a metal grid with slits.
substrate
mask
metal coating
Figure 5.18: Closing of the mask during physical vapor deposition.
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Thus, not enough material reaches the bottom of the substrate [72, 73, 74, 75] and riblets for drag
reduction with a height to width ratio of 0.5 - 0.6 (equation 2.5) can not be obtained.
5.7 Fabrication of Riblets with Photolithographic Masks
Apart from the metal masks, polymer masks were used for the fabrication of riblet structures.
First experiments (see chapter 5.3) already showed the general suitability for the electrodeposi-
tion of nickel with polymer coverage. Since the polymer is non-conductive, the metal ions from
the electrolyte will only deposit on the metallic substrates. The mask can be easily removed with
the corresponding solvent after the deposition of the coating. For preliminary tests, lines of the
nitrocellulose lacquer were brushed onto the surface and additional lines were drawn with a stan-
dard permanent marker (contains organic solvents such as alcohol, non-conducting). Next, nickel
was deposited via electrodeposition. The top view of the produced riblets can be seen in figure
5.19. In general, a tight contact is obtained between substrate and mask so that no deposition
underneath the mask occurs. The organic masks used can be removed with isopropyl alcohol or
acetone easily. Even at the shortest distance, the nickel riblets measured some 100 µm in width.
Those tests proved the feasibility of riblets fabrication with polymer masks and subsequent elec-
trodeposition of nickel, but for the final application of riblets on blades or vanes for aeroengines,
more sophisticated and automated methods for the manufacturing of masks are needed.
For the fabrication of inorganic riblets with a size of a few micrometers, the methods of pho-
tolithography were used for getting a polymer mask with narrow slits in the range of 2 µm. The
size of the polymer mask was chosen as exact negative for the desired final riblets. The top view
and the cross section of the polymer mask (AZ nLOF 2070) on a silicon model substrate can be
seen in figure 5.20. The polymer riblets have a negative edge profile. The spacing of the polymer
riblets is 10 µm and thus the spacing of the final inorganic riblets will also be 10 µm. The height
of the polymer riblets is 6 µm. Due to the negative edge profile the polymer riblets are more nar-
row at the bottom and wider at the top. The penetration depth of the incident light is typically
only few micrometers, so the upper resist part gets a higher exposure dose than the substrate-near
resist. Thus, in the case for negative photoresists, the upper resist part has a higher degree of
10mm 10 mm
a) b)
Figure 5.19: Preliminary tests for the riblet fabrication with organic masks, a) nickel deposition between
nitrocellulose lines, b) nickel deposition between permanent marker lines.
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a) b)
Figure 5.20: With photolithography fabricated polymer structures, a) top view, b) cross section.
cross-linking and therefore a lower erosion rate in the developer. Silicon was used for most ex-
periments as model substrate, since a lot of experience has been gained with silicon substrates in
microtechnology and lithography.
Sputter deposition, resistance evaporation as well as electrodeposition were tried for achieving
riblets on silicon model substrates with a photolithographic structured mask. Sputter deposition
was carried out for nickel, aluminum and zirconium dioxide. Nickel and aluminum were sputtered
at 50 W without bias and with a bias of 20 V at a low pressure of approximately 2·10−3 mbar for
2 h 30 min and 3 h 45 min respectively, which is the needed time for achieving a coating thickness
of approximately 2 - 3 µm. The low pressure was chosen for getting a more directional deposition.
For higher pressures, the sputter atoms exhibit more impacts with the gas atoms leading to a
polydirectional coating deposition. The samples that were coated with an applied bias had a finer
microstructure, but the bias did not influence the height of the riblets. Similar to results from
literature [72, 73, 74, 75] not much of the coating material could reach the bottom of the substrate
(also see figure 5.18). In principle, the produced riblets looked the same for both materials. The
riblets were only 390 nm tall for the aluminum coated samples and only 908 nm for the nickel
coated samples. On top of the photoresist a thickness of 1.9 µm and 2.9 µm was measured on
the aluminum and nickel coated sample, respectively. Due to the better contrast, the aluminum
coated sample was chosen for giving an impression of the differences in coating height on top of
the photoresist and between the polymer riblets (see figure 5.21).
After the deposition of zirconium dioxide for 87 h at 120 W a different riblet appearance was
5 µm
aluminium
photoresist
Figure 5.21: Aluminum coated (sputtering) sample with structured photoresist. Little amount of aluminum
reaches the bottom of the sample between the polymer riblets.
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Figure 5.22: Sputter deposition of ZrO2 on structured photoresist, a) top view, opening between polymer
ligaments are closed, b) cross section, photoresist destroyed by coating.
observed. With these coating parameters, a coating thickness of 6 µm was measured on a smooth
surface. The fabricated riblets measured a height of 1.4 µm (see figure 5.22). The reason for the
much higher zirconium dioxide riblets compared to the aluminum and nickel riblets can also be
clearly seen. The photoresist was attacked by the zirconium dioxide and it looks as if the zirco-
nium dioxide has etched the photoresist. It is assumed that the temperature during deposition,
which was not measured, was too high. Another reason could be that the photoresist was chem-
ically altered during the plasma etching of the samples prior to deposition for cleaning. For that
reason, the photoresist was investigated after etching. The nickel and aluminum coated samples
were not etched prior to deposition. For the deposition of metals, an etching step is not mandatory
for good adhesion properties between coating and substrate. However, this etching step prior to
the deposition of oxides is necessary for a good adhesion. The color of the photoresist was slightly
darker after etching but with SEM no attack of the resist was observed. This leads to the conclu-
sion that the temperature during zirconium dioxide deposition is responsible for the attack of the
photoresist. After coating deposition, the openings between the polymer riblets were completely
closed as also reported in literature [72, 73, 74, 75]. A longer deposition time for getting riblets
with a larger height would therefore not work because additional material would only deposit at
the top.
The removal of the mask after the deposition of the different materials was still possible. Due
to the negative edge profile of the resist, the photoresist was not completely coated and therefore
the solvent could dissolve the photoresist and a lift off of the resist with the coating on top was
achieved. With a positive photoresist this would not be possible since the whole resist would be
coated and the solvent could not attack and dissolve the resist.
A photoresist with polymer riblets having a height smaller than 6 µm might be in general better
for the fabrication of riblets. When the path from the top to the bottom of the polymer riblets
is not so long, more atoms will actually reach the bottom. Unfortunately the fabricated riblets
having a height of 1.4 µm are too small and the height to spacing ratio is too low for the drag
reduction (see chapter 2.1).
Results similar to the obtained ZrO2 riblets can be obtained when using multilayer resists [119,
120]. The multilayer resists have also a negative edge profile, which makes them suitable for the
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Figure 5.23: Electrodeposition of nickel onto photolithographically structured surface, tilted cross section
view. The photoresist is already removed. a) deposition time too short, b) deposition time too
long.
physical vapor deposition and the lift-off process afterwards. Also, the evaporated pyramids with
the multilayer resist can not achieve the necessary height to spacing ratio.
The thermal resistance evaporation experiments with the deposition of aluminum did not show
the expected results of an enhanced riblet deposition. Due to the more directional deposition
during evaporation compared to sputtering, it was assumed that this process would lead to higher
riblets. However, this was not the case. The evaporated material deposited preferably at the top
corners of the photoresist and thus the openings between the resist were closed. The parameters
for coating thicknesses of 0.5 µm, 2.5 µm and 5 µm were applied. At the bottom between the
polymer riblets only very little aluminum was deposited. The results did not look much different
than from the sputter deposition of aluminum in figure 5.21.
Also, deposition of nickel via electrodeposition was tested. Due to an easier processing, silicon
was used as model substrate to show the feasibility of the electrodeposition of nickel between the
photoresist riblets. With the help of the structured photoresist, it is possible to fabricate riblets in
the range of a few micrometers. Since the silicon wafer was metallized with a thin layer of nickel
and chromium of around 260 nm prior to the photolithography, the samples were conducting so
that the electrodeposition of nickel was possible. When the deposition time was too short, only
riblet stubs were obtained. Whereas for a deposition that was carried out too long, the photoresist
was overgrown. Those two extremes can be seen in figure 5.23. For both samples, the photoresist
was already removed, so that only the nickel riblets remain. Fortunately, it is possible to determine
when the deposited nickel has reached the top of the polymer riblets, since a correlation between
the voltage and the deposition area exists. When the surface area increases, then the voltage
decreases and vice versa. As the channels between the polymer riblets are filled the surface area
decreases since the polymer riblets have a negative edge profile as shown in figure 5.20b. The
decrease of the surface area leads to an increase of the voltage. Assuming an ohmic behavior,
Ohm’s law can be written as:
J = σE (5.1)
with J being the current density, σ the electrical conductivity and E the electric field strength.
The current density is also defined as:
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J =
I
A
(5.2)
with I being the current and A being the surface area. The electrical field strength can be written
as:
E =
U
d
(5.3)
with U being the voltage and d being the distance between anode and cathode. The distance can
be assumed to be constant, since the overall distance between the electrodes is large compared to
the decrease in distance due to material deposition.
When equations 5.1 and 5.2 are set equal this leads to:
I
A
= σ
U
d
(5.4)
When the coating area A decreases and I is set constant, this means that I/A increases. Therefore,
the right hand side needs to increase and because σ is a material constant and d is also constant,
U needs to increase. When the nickel has reached the top of the channels, the voltage suddenly
decreases, implying that the surface area increases again. Therefore, fully filled polymer masks
could be achieved.
The optimum riblets are shown in figure 5.24. Since the riblets are an exact replica of the
structured photoresist, they are 6 µm high and have a spacing of 10 µm. This leads to a height
to spacing ratio of 0.6, which is according to equation 2.5 the optimum ratio for the riblets in
order to achieve the best drag reduction. The base of the riblets measures approximately 6.5 µm
and at the top, the riblets are approximately 2 µm wide. The riblets have no sharp tip. The
opening angle of a riblet is around 20°. A small opening angle like this shows best results for
drag reduction [16]. Additionally, sharp tips are necessary for the most effective drag reduction,
according to literature [16, 19]. The measurements of the riblet design from the SEM figures
were additionally confirmed with CLSM. Besides, with CLSM the surface roughness along the
riblets was measured. The top of the riblets is very smooth. The roughness parameter Ra, which
is the arithmetical mean deviation of the peaks and valleys of a surface (see DIN EN ISO 4287),
measures 0.055 µm. The average distance between the highest peak and lowest valley in each
sampling length Rz is 0.36 µm.
According to the calculations in chapter 4, the fabricated riblets with a spacing of 10 µm can be
successful along a compressor blade in the compressor outlet area (see also figure 4.1 and 4.2).
Silicon substrates showed the feasibility of the fabrication of riblets via photolithography and
subsequent electrodeposition of nickel. For conventional UV-lithography, a lot of experience has
been gained with silicon as substrate since lithography is used for the micro- and nanotechnology
in the semiconductor industry. This experience did not exist for the lithography on the metal
substrates IN718+NiCoCrAlY and CMSX-4. Therefore, the relevant processing parameters had
to be established.
For the UV-lithography, an absolutely plane-parallel substrate with a mirror polished surface
is necessary. Several tests for the photolithography on different metal substrates proved that
in principle the photolithography on the metallic substrates used is possible. However, when
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Figure 5.24: Optimal riblet design obtained with the photoresist used on a silicon substrate, a) top view,
b) tilted cross section view.
the surface is too rough, the desired photoresist structures could not be obtained since diffuse
reflection of the UV-light occurred. Also, when the substrate is not plane-parallel enough, the
fabrication of polymer riblets was not possible. The deviation from the exact plane parallelism
needs to be less than 10 µm for a photoresist thickness of 6 µm. For thinner photoresists, the
plane parallelism is not such a problem and the photoresist processing is more successful. Metal
substrates are more ductile than silicon substrates, which leads to larger deviation from the plane
parallelism due to the easy deformation during the grinding, polishing and lithographic processes.
Industry is specialized for the fabrication of plane-parallel silicon wafers [121] and the plane-
parallel grinding and mirror polishing of metals is a challenge. With the optimized processing
route, photolithography on IN718 and CMSX-4 was successfully achieved. Subsequently, nickel
was deposited electrochemically. The fabricated riblets can be seen in figure 5.25 from the top
view. These riblets are less than 6 µm tall. The ma-N 1420 resist, used for IN718, had a thickness
of approximately 3 µm and the AZ nLof 2070 resist a thickness of approximately 6 µm. Due to
the fact that only part of the samples was covered with the structured photoresist, it was difficult
to estimate the completely structured area needed for calculating the necessary current. A second
problem was that during electrodeposition the voltage did not increase as the channels were filled
and the voltage did also not decrease when the nickel had reached the top of the resist. The reason
for this is probably the presence of some inhomogeneities of the photoresist. Since the voltage did
not increase as the channels were filled and decrease when the nickel riblets reached the top, the
deposition time was only estimated (see equations 5.1 - 5.4 and corresponding discussion above).
This does not result in the tallest riblets possible. However, the fabricated riblets in figure 5.25
show the general feasibility of the nickel riblets on the metallic substrates used. A cross section
image would give an even better impression of the riblet design and especially the achieved riblet
height. However, due to the availability of only two optimized samples this was not possible, as
those samples were also used further for the oxidation experiments.
As obvious, UV-lithography is not suitable for the later application of riblets on blades and
vanes for aeroengines. However, due to the easy accessibility and the fairly low costs, this method
was used for testing the general producibility of riblets. Other, more expensive lithography meth-
ods need to be investigated for the fabrication of riblets on curved blades. Such methods could
be the imprint lithography or the lithography with moving/rotating the sample. Examples for the
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Figure 5.25: Nickel riblets fabricated with electrodeposition on a) IN718+NiCoCrAlY, b) CMSX-4.
imprint lithography on curved substrates can be found in literature [122, 123]. An indenter struc-
tures the photoresist and the resist in the compressed areas is removed via reactive ion etching in
the next step [124, 125, 126]. After the imprint and reactive ion etching step, the electrodeposition
on blades would be the same as for plane samples.
The fabrication of riblets with a flexible silicon die band [8] (see chapter 2.2) could also be
an imprinting method of structuring a removable resist on curved substrates. Prior to electrode-
position, an etching step would also be necessary to remove the resist in the compressed areas.
With imprint lithography, obviously a negative edge profile of the structured resist is not as easy
to produce as for the UV-lithography with a negative photoresist. However, when using bilayer or
trilayer resists and a subsequent etching step it is possible to structure resists in such a way, that
the openings are larger at the bottom and smaller at the top [125].
With laser lithography it is also possible to structure curved substrates [127, 128]. The resist
coated sample is mounted on a movable table. The sample can be positioned in such a way, that
the laser beam is always normal to the surface and thus structuring the resist optimal. Furthermore,
the structuring with the direct laser material removal method works for curved substrates coated
with a resist. Another possible method to structure curved substrates is via X-ray lithography.
The successful patterning of curved substrates has been shown [129]. The sample is also moved
and rotated so that part of the sample was always perpendicular to the incoming beams.
With the help of photolithography the general feasibility of the fabrication of riblets with a
size of only a few micrometers was shown. Physical vapor deposition methods could not achieve
riblets which are tall enough. The electrodeposition of nickel between the polymer riblets was
successful. On the silicon model substrate the necessary riblet design was achieved. For the
metallic substrates IN718 and CMSX-4, the electrodeposition of nickel riblets was also possible.
For the correct riblet height and the application on curved parts, optimization needs to be done as
also discussed above.
5.8 Oxidation of Riblets Fabricated via Photolithography and
Electrodeposition of Nickel
The deposited nickel riblets on silicon as well as on the metal substrates were oxidized. The sili-
con samples with nickel riblets were oxidized at 900 and 1000 °C for 100 h. The metal substrates
72
5.8 Oxidation of Riblets Fabricated via Photolithography and Electrodeposition of Nickel
Figure 5.26: Nickel riblets on silicon oxidized at 900 °C for 100 h, a) top view, b) tilted, fractured cross
section, c) cross section grinded and polished.
were solely oxidized at 900 °C as fewer substrates were available. For a better comparison of
the oxidation parameters, the riblets after oxidation at 900 °C for 100 h on silicon are shown in
figure 5.26. The samples oxidized at 900°C and 1000 °C looked very similar. Only the silicon
oxide layer underneath the nickel oxide riblets was slightly thicker for the samples oxidized at
1000 °C. The oxidized riblets are bigger than in the as-coated state, as can be expected, because
a volume increase is always involved with oxidation. The surface structure looks coarser after
oxidation. At the bottom, the riblets are approximately 8 µm wide and they have a height of ap-
proximately 7 µm. The height to spacing ratio for the oxidized riblets is 0.7. These measurements
from the SEM figures were additionally confirmed with CLSM. Besides, with CLSM the surface
roughness along the riblets was measured. The roughness parameter Ra measures 0.093 µm and
the average distance between the highest peak and lowest valley in each sampling length Rz is
0.821 µm, which is only an increase in roughness by a factor of approximately 2 compared to the
as-fabricated riblets (see figure 5.26). The roughness after oxidation increased, because the grain
size increased and the grains are coarser.
The riblets oxidized completely. The oxide composition was measured with EDX. The riblets
consist mainly of nickel oxide and in some riblets, nickel silicides precipitates and areas with
silicon oxide were detected. Underneath the nickel oxide riblets, a thin silicon oxide layer with a
thickness of 0.45 - 0.5 µm developed. In this oxide layer traces of chromium and nickel from the
metallization layer were found. For the oxidation at 1000 °C for 100 h, the silicon oxide layer was
0.6 - 0.65 µm thick. As visible in figure 5.26b, underneath the silicon oxide layer there are some
areas having a different material contrast. They were identified with EDX as nickel silicides. The
opening angle of the riblets which was 20° prior to the oxidation is afterwards approximately
40°. The morphology of the oxide scale is faceted as typical for nickel oxidized at 900 °C. This
morphology is common for cationic oxide growth. The nickel oxide grows at the interface oxide
to gas atmosphere [109]. In the oxidized riblets the shape of the original riblet is still visible
even though the riblets are fully transformed into oxide. Kirkendall voids [110, 111] generated
at the former boundary between nickel riblets and atmosphere, due to the outward oxidation and
diffusion of nickel ions (see also chapter 5.4).
The riblets on the metallic samples IN718+NiCoCrAlY and CMSX-4 were oxidized at 900 °C
for 100 h. The oxidized riblets on IN718+NiCoCrAlY and on CMSX-4 look similar compared to
the nickel oxide riblets on silicon, but they are not as high as the riblets on silicon since the nickel
riblets prior to oxidation were also not as high as the riblets on silicon.
The preparation of the cross section of the samples was not as easy as with the silicon substrate.
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Figure 5.27: Nickel riblets on CMSX-4 oxidized at 900 °C for 100 h, a) top view, b) cross section view.
The silicon substrate could be broken easily due to the thin and brittle wafer. Therefore, small
pieces of the substrates could be investigated in the fractured cross section and then later be
embedded and grinded and polished. For the much thicker metallic substrates with the riblets,
the substrates needed to be cut by a sectioning machine. Therefore the nickel oxide riblets were
embedded with an epoxy resin. This way, the riblets are protected and not sheared away due to the
high forces during cutting. As an example, the oxidized riblets on CMSX-4 are shown in figure
5.27.
For the CMSX-4 sample, the oxidized riblets consisted of nickel oxide. Underneath the nickel
oxide riblets a thin layer of the elements oxygen, aluminum, nickel, tantalum and chromium, fol-
lowed by an aluminum oxide layer was detected. The space in between the riblets, the
CMSX-4 substrate, was also oxidized. The oxide there had the same composition as for the
riblet part.
The oxidized riblets on IN718+NiCoCrAlY were analyzed from the top view with EDX. The
oxidized riblets on IN718+NiCoCrAlY consisted also of nickel oxide and a small amount of
aluminum was detected. Most likely a continuous alumina layer formed underneath the nickel
riblets as for the nickel coating on NiCoCrAlY in chapter 5.4. From the top view, the nickel oxide
riblets looked the same for the different metal substrates. Therefore, the top view is only shown
for one of the substrate materials, namely CMSX-4.
The nickel oxide riblets on silicon (see figure 5.26a) show some cracks, which the riblets on
CMSX-4 do not have. The reason for this is probably the generation of high stresses during the
oxidation. The differences in the thermal expansion coefficient could lead to those stresses. The
thermal expansion coefficient of silicon is around 2·10−6 K−1, of silicon dioxide it is 0.5·10−6 K−1
and the thermal expansion coefficient of nickel and nickel oxide is around 17·10−6 K−1. There-
fore, on silicon much higher stresses generate in nickel oxides than on nickel based alloys or on
TiAl, which explains the cracks found only on silicon substrates.
After the oxidation at 900 °C for 100 h the nickel riblets on silicon, IN718 and CMSX were
transformed into nickel oxide. Underneath the nickel oxide riblets the substrate material began to
oxidize, too. The nickel oxide riblets are bigger than the as-fabricated nickel riblets. The differ-
ence in the drag reduction effect before and after oxidation needs to be analyzed and measured.
The severe oxidation of the nickel riblets is no problem since underneath the nickel oxide riblets
a protective oxide layer like silicon oxide for the silicon substrate and aluminum oxide for the
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CMSX-4 and the IN718+NiCoCrAlY substrate developed. These oxide layers protect the sub-
strate underneath from further fast oxidation. As long as the adhesion between the nickel oxide
and the oxide of the substrate material is sufficient, the riblets can reduce drag in a hot gas flow.
5.9 Performance of Selected Riblet Structured Surface in the
Oil Channel
From the optimized riblets in figure 5.24 a model was fabricated, which was measured in an oil
channel (see chapter 3.7). The process from the sample to the model for the measurement in
the oil channel is displayed in figure 5.28. The sample surface (figure 5.28a) was scanned and
measured with confocal white light microscopy. The resulting 3D CAD file (figure 5.28b) was
scaled up for the measurements in the oil channel. Out of the 3D CAD data the polymer model
was fabricated with sterolithography (figure 5.28c).
In the oil channel, the reduction of the wall shear stress was measured. The results of the
wall shear stress reduction measurements are shown in the diagram of figure 5.29. On the
x-axis the dimensionless spacing s+ is displayed and on the y-axis the wall shear stress reduc-
tion ∆τ/τ0 = τ − τ0/τ0 is given in percent. τ is the wall shear stress measured for the riblet
surface and τ0 is the wall shear stress of a smooth reference. Consequently, the line at ∆τ/τ0 = 0
refers to a unstructured flat plate. The red curve refers to the scaled up replication of the fabricated
riblet design (see figure 5.24). With the fabricated riblet design, over a wide s+range of 15 - 25 a
reduction of the wall shear stress of 4 % and more was achieved. The highest measured reduction
of the wall shear stress is 4.9 % at s+= 20.5. Even though the riblets do not have a sharp tip, fairly
good drag reduction was obtained. With the achieved reduction, the results are in the same range
as for the zigzag riblets, developed at NASA (see also figure 2.4) [84, 130]. The black curve in
figure 5.29 with the open circles refers to an optimized riblet geometry with trapezoidal grooves
and an opening angle of 30°. Only with this optimized riblet geometry a wall shear stress reduc-
tion of up to 8 % could be reached. For this optimized model, the plate for the measurement in the
oil channel was structured directly and this way larger riblets dimensions were possible. Up to
now, the best performance of in literature reported real riblets, for the possible later application on
blades for aeroengines, showed a wall shear stress reduction of around 2.2 % [17]. Those riblets
were in the size of some micrometers and were scaled up for measurements in an oil channel.
These riblets were fabricated via grinding. The current riblet structured surface with a photolitho-
Figure 5.28: From the sample to the model. a) as produced sample, b) 3D CAD file of the scanned sample,
c) polymer model for the measurements in the oil channel.
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Figure 5.29: Reduction of the wall shear stress of the measured model (red curve), in comparison to liter-
ature data [16].
graphic mask and subsequent electrodeposition of nickel shows a twice as large reduction of the
wall shear stress. This clearly demonstrates the potential of the chosen riblet manufacturing route
for drag reduction. From the theoretical viewpoint a greater wall shear stress reduction can be
obtained with a sheet-like riblet design or riblets with trapezoidal grooves and an opening angle
of 30° (see figures 2.4 and 5.29). Additionally, also the variation of the riblet spacing along an
overflown profile or the variation of the riblet design could but not necessarily has to improve the
drag reduction (see chapter 4 and figure 4.1). Meeting the demands of the most drag reducing
riblet surface is too complex and costly. The result with the fabricated riblet design (red line in
figure 5.29) is sufficient for the application as drag reducing surface.
5.10 Final Evaluation Concerning the Application of the
Fabricated Riblets
For the application of riblets on blades or vanes of aeroengines, several challenges have to be met.
High temperature resistant materials are needed and curved, not plane, blades and vanes need to
be structured. As shown in chapter 4, for optimum performance, the riblet size needs to change
not only for the different parts of an aeroengine but also along a blade (or vane), as the velocity
and viscosity, which influence the riblet size, also change along a blade.
For the fabrication of riblets, the direct structuring methods, diamond cutting and laser material
removal, were investigated. With diamond cutting the fabrication of riblets was not successful
as the surface of the sample needed to be aligned precisely with the coordinate system of the
processing machine. Therefore, the sample needed to be milled plane parallel, which did not work
as the machining forces were too high (see chapter 5.5). Even though it is in general possible to
structure free form parts for the actual fabrication of riblets on blades this method is not suitable
as the surface of the blades can not be aligned precisely enough to the diamond cutting machine.
The fabrication of riblets on blades or vanes for aeroengines with a picosecond laser will be
well suited. With this laser fine and homogeneous structures were fabricated. Curved parts like
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Figure 5.30: Overview of potential application and the possible structuring methods, materials and coat-
ings for the calculated riblet sizes in the different areas of the aeroengine. The figure of the
aeroengine was taken from literature [86].
blades can be structured with this laser. The successful structuring of NiCoCrAlY was shown in
this work (see chapter 5.5). However, any other material can be structured, too. Via laser material
removal riblets over a wide size range can be fabricated. Once the laser parameters are optimized
this method is rather cheap and productive. The oxidation tests of the structured NiCoCrAlY
showed that for the right NiCoCrAlY composition the riblets oxidize slowly and the height to
width ratio does not change.
For the fabrication of riblets having a spacing of 10 µm or less (necessary for riblet structured
surfaces in the compressor outlet, see chapter 4), laser material removal for multi-element metals
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does not work as every metal interacts differently with the laser beam due to a different ionization
behavior. For the fabrication of riblets of this size, the methods of lithography need to be used.
The fabrication of such tiny riblets is possible, as proven in chapter 5.7. The general feasibility of
nickel riblets on different substrates was shown. Photolithography and subsequent electrodeposi-
tion worked very well in contrast to photolithography and subsequent physical vapor deposition.
Via PVD methods not enough material could reach the substrate and thus the desired height to
width ratio for riblets could not be achieved. The fabrication of riblets with the help of the in-
troduced UV-lithography is solely possible for flat substrates. Other lithography methods are
imaginable for curved substrates (see chapter 5.7), however, they need to be tested and evaluated
concerning their results and expenses.
From the materials point of view, temperature resistant materials which do not melt or evaporate
at the operation temperature are necessary. However, it is not important that riblets are out of a
metal which forms the most stable and protective oxide like aluminum. It is of major interest that
even if the riblets oxidize completely through and the substrate underneath oxidizes, the adhesion
between the oxidized riblet and the oxide scale of the substrate is sufficient. This was shown
successfully for the produced nickel riblets in chapter 5.7. Also chromium, which can be easily
deposited via electrodeposition, seems to be a promising candidate as its oxidation behavior is
promising as shown in chapter 5.2. The shape of the riblets is altered after oxidation since the
volume of the oxide is increased compared to the as-fabricated metallic state. As long as the
height to width ratio did not change dramatically, the riblets will still be effective. For an optimal
performance of the riblets, it is thinkable to fabricate smaller riblets, which then during operation
(oxidation) reach the optimal height.
In chapter 4 it was calculated that the necessary riblet size changes along a blade. Varying the
riblet size along the blade is technologically very complex and will result in high costs. The calcu-
lations as well as the measurements of the drag reduction showed that the skin friction is reduced
over a range of flow velocities even for one specific riblet size for the complete blade. A sheet-like
riblet design shows the best drag reduction results, however, this is not easy to manufacture and
the riblets would be very fragile and for the application on blades and vanes in an aeroengine,
prone to erosion and particle impact. Therefore, the fabricated and measured riblet design (see
figure 5.29) meets the requirements for the fabrication and effectiveness in drag reduction very
well.
Figure 5.30 gives an overview of the potential application of the calculated riblets within the
different sections of an aeroengine. Furthermore the possible structuring methods are mentioned
as well as the possible materials and coatings in those sections. It is very important to note, that
these are only assumptions and suggestions. For a concrete application in an aeroengine many
more experiments need to be done, in order to investigate where it is possible with which kind of
structuring methods to fabricate the necessary structures.
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The reduction of skin friction in aviation industry helps to save fuel, which is a positive aspect
for the environment and could also lead to lower costs. One promising way to decrease the skin
friction is the structuring of surfaces with riblets. Due to those riblets, the turbulent momentum
transfer at the wall, which is responsible for the skin friction, is hampered. This effect was adopted
from the shark skin since sharks also have tiny riblets on their scale which have proven to reduce
the skin friction. This effect of friction reduction works for fluidic flows, including gaseous flow.
Depending on the riblet design, theoretically, a wall shear stress reduction of up to 10 % can be
achieved. A reduction up to 8 % is technically feasible with an optimum riblet geometry and with
a riblet aspect ratio of approximately 0.5. The wall shear stress reduction of 8 % would lead to
several tons of fuel savings per tankful.
The subject of this doctoral thesis was to investigate the fabrication of riblets in the micrometer
regime for high temperature applications. Riblet structures for blades or vanes of aeroengines
were investigated. First, the necessary riblet sizes were calculated for the different parts in the
aeroengine. The size of the riblets depends on the surrounding conditions, namely the velocity,
temperature and pressure of the flowing gas. The necessary riblet sizes for compressor inlet,
compressor outlet, turbine inlet and turbine outlet were calculated on the basis of one example
engine. The optimum riblet spacing within the aeroengine varied between 15.7 µm and 72 µm.
The velocity and pressure of the flow changes not only within different sections of the aeroengine
but also along a single blade profile. According to those changes, the necessary riblet size along a
NACA 65-k48 compressor blade profile was calculated. The riblet spacings have different values
for suction and pressure side. The variation of the actual spacing between the riblets was calcu-
lated. For the pressure side, the calculated riblet spacing varied between 9.6 and 13.6 µm and for
the suction side, it varied between 9.6 and 14 µm. For the fabrication of riblet structured surfaces,
it is much easier to use one constant riblets spacing instead of varying the distance. Therefore,
the dimensionless spacing was calculated for a fixed spacing of 10 µm. According to literature,
previous measurements of the wall shear stress showed that for the fixed riblet spacing chosen
of 10 µm along the blade with an optimized riblet design, the dimensionless spacing varies be-
tween 12 and 17.8, which leads to a theoretically reduction of the wall shear stress between 7 and
8 %. The evaluation of the graph for the dimensionless spacing along the relative blade position
revealed that riblet structures are equally effective on suction and pressure side.
Based on the calculated riblet spacings, riblet structured surfaces were fabricated. As target
value a riblet spacing of approximately 10 µm was chosen for a possible application in the com-
pressor outlet area (high pressure compressor) and a larger riblet spacing of approximately 40 µm
was chosen for the possible later application in the compressor inlet and the low pressure turbine.
Due to the application in the aeroengine the typical materials on nickel and titanium basis were
used as substrates. For the simulation of the high temperature application, IN718 and CMSX-4
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nickel alloys were used and for the lower temperatures TiAl, which was already used in the low
pressure turbine and which is a promising material candidate for the fabrication of compressor
blades in future aeroengines, was chosen. IN718 was coated with NiCoCrAlY. This alloy serves
as an oxidation protection layer because when exposed to high temperatures it mainly forms a
continuous and protecting alumina layer. Other deposited elements and materials, whose oxi-
dation resistance was tested, were nickel, chromium, aluminum, titanium, silicon, platinum and
zirconium dioxide. Their adhesion of the oxide scale and the difference in oxide thickness was
investigated. It turned out that chromium has the largest increase in the oxide thickness compared
to the reference NiCoCrAlY coating. When applying thin chromium riblets, they will reach their
final riblet height as chromium oxide during oxidation.
For the fabrication of riblets, two different methods were used. These were direct material
removal and deposition of material through a mask. As direct material removal processes dia-
mond cutting and laser structuring were used. With diamond cutting no satisfactory results could
be achieved. The process of making the samples plane-parallel was already a problem and the
desired riblet structures could not be obtained. Also, an engraving laser did not work for the
fabrication of accurate riblets. The material below the laser impact was damaged and fused ma-
terial deposited next to the fabricated grooves. A more convincing result was achieved with a
picosecond laser. Fine and homogeneous structures could be fabricated in the NiCoCrAlY coat-
ing on IN718. With this method, the larger riblet target size with a spacing of 40 µm was obtained.
The second riblet fabrication process, the deposition of material through a mask, was also stud-
ied. A metal mask with laser cut slits and different polymer masks were used. The riblets were
deposited via PVD and electrodeposition. For the metal masks, only sputtering was used. Via
sputtering fabricated riblets were inhomogeneous in thickness and did not achieve the necessary
riblet height. Similar problems occurred with the polymer masks and physical vapor deposition.
The most promising results were obtained with the photolithographic structuring of a photore-
sist and the subsequent electrodeposition of nickel. For the first time, photolithography with a
subsequent nickel deposition was successfully applied for the fabrication of riblets on the high
temperature materials IN718 with NiCoCrAlY coating and on CMSX-4. With those processes
fine and homogeneous riblets with a spacing of 10 µm were fabricated.
According to literature, fabrication and characterization of riblets was limited to low temper-
ature applications so far. In this work high temperature oxidation of riblets was investigated for
the first time. Since the target application of this work will be in the aeroengine, where tem-
peratures up to 1000 °C and more occur for example in the turbine, the materials, coatings and
riblet structures were oxidized to investigate their oxidation resistance and stability. Isothermal
oxidation tests were carried out for up to 100 h at temperatures varying between 400 and 1100 °C
depending on the later application area. The elements chromium, nickel, aluminum and titanium
are promising candidates for the bottom up fabrication of riblets because of their good oxide ad-
hesion to the metal underneath. The NiCoCrAlY riblets which were structured by the picosecond
laser performed really well at oxidation times up to 100 h at 1100 °C. The riblets were still intact
and the oxide did not spall. The electroplated nickel riblets after photolithography also showed a
good oxidation behavior at 1000 °C up to 100 h. After oxidation the riblets were also still intact
and became larger in height and width due to volume increase during oxidation. Pure nickel might
not be the first choice for high temperature applications, however, the nickel riblets are on top of
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a high temperature material. During oxidation, the nickel oxidizes and in the case of an IN718
sample with a NiCoCrAlY layer underneath the riblets, a protective alumina layer develops and
protects the material below from further fast oxidation. The adhesion of the nickel oxide riblets
to the alumina layer is important, for the riblet structure to stay intact.
Laser structuring works well even for curved substrates. For the photolithography and elec-
trodeposition process, new methods like imprint lithography and laser lithography with moving/
rotating the sample, need to be applied. The latter methods are also suitable for structuring curved
substrates, which is not possible with conventional photolithography. Therefore, from the riblet
methods investigated, only via laser structuring the structuring of blades and vanes for aeroengines
seems possible at this time.
For a possible later application in the aeroengine, the investigated methods for the riblet fab-
rication can be taken as background for many other necessary tests. The fabricated riblets must
be tested concerning their erosion resistance. Additionally, the mechanical properties of riblet
structured surfaces need to be tested. It needs to be analyzed, if the riblet structures act as stress
peaks or crack initiation sites. Besides, more oxidation tests, including furnace cycle tests, need
to be done to characterize the oxidation behavior of riblets sufficiently. Further measurements of
the drag reduction will show the effectiveness of the riblets in the as-fabricated state as well as
the oxidized state.
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A Formulas and Assumptions for the
Calculation of Riblet Sizes
For the calculation of the riblet dimensions in the different parts of the aeroengine, assumptions
need to be made. The necessary values for temperature, pressure and velocity were calculated
based on assumptions for the CFM56-5C4 aeroengine. No exact values could be used, since
no measurement data and manufacturer’s data were available. The assumptions for the turbofan
CFM56-5C4 came from the aeroengine program VarcyleNG, an engine performance program
developed by the German Aerospace Center (DLR). The following assumptions and boundary
conditions were made:
• bypass ratio µ = 6
• total mass flow m˙0 = 200 kg/s
• energy conversion efficiency ηE = 0.89, 0.86, 0.91, 0.9 for the fan, compressor, high pres-
sure turbine and low pressure turbine, respectively
• fan pressure ratio Π f an = 1.6
• compressor pressure ratio Πcomp = 18.75
• isentropic exponent κ = 1.4
• isentropic exponent for a hot combustion gas κ ′ = 1.33
• total temperature at the turbine inlet Tt4 = 1530 K
• Mach number Ma = 0.5, 0.3, 0.3, 0.5 for compressor inlet, compressor outlet, turbine inlet
and turbine outlet, respectively.
For the general surrounding condition of an aeroengine, the values for the standard atmosphere
according to the DIN standard 5450 were used. A height of 11000 m and a Mach number
Ma of 0.85 were assumed. In this height the temperature is T0 = 216.64 K and the pressure is
p0 = 22,631.95 Pa, according to the DIN standard 5450. For the indication of the location in the
aeroengine, the labeling according to figure A.1 was used. The relevant indices used in this re-
port are 0, 2, 13, 3, 4, 4.5 and 5. The index 0 refers to the undisturbed flow far away from the
aeroengine. The index 2 is defined as the inlet plane into the compressor. The index 13 is defined
as the outlet plane of the fan. The index 3 refers the outlet plane of the compressor. The index 4
refers to the inlet plane into the turbine. The index 4.5 refers to the plane between high pressure
turbine and low pressure turbine and the index 5 refers to the outlet plane of the turbine.
The values of the surrounding atmosphere from the DIN standard 5450 are the static para-
meters. Static pressure (ps) means, that it does not contain any kinematic part and the gas is
not flowing. The total pressure pt contains the static and the kinematic part of the pressure and is
valid for flowing gases. The temperature in DIN standard 5450 is the static temperature Ts2. Static
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Figure A.1: Two-spool turbofan engine [86].
temperature (Ts) means, that it does not contain any kinematic part and the gas is not flowing. The
total temperature Tt contains the static and the kinematic part of the temperature and is valid for
flowing gases. The total values are necessary for the calculation of the different parameters in the
aeroengine.
The total temperature can be calculated with the formula:
Tt
Ts
= 1+
κ−1
2
Ma2 (A.1)
The total pressure is calculated with:
pt
ps
=
(
1+
κ−1
2
Ma2
) κ
κ−1
(A.2)
Equation A.1 leads to T t0 = 247.94 K. The total pressure is pt0 = 36,297.55 Pa, according to
equation A.2.
The total temperature at the inlet plane into the compressor Tt2 is the same as the temperature
of the surrounding conditions of the undisturbed flow far away from the aeroengine T t0. Accord-
ingly, the temperature at the inlet of the compressor is Tt2 = 247.94 K. The pressure at the com-
pressor inlet pt2 is slightly lower than the pressure of the undisturbed flow pt0 due to losses during
the inflow process, pt2 ≈ 0.96pt0. The pressure at the compressor inlet is pt2 = 34,845.65 Pa.
For the riblet calculation, the static values for temperature, pressure and density are used be-
cause the velocity is zero at the wall of the flowing medium. According equations A.1 and A.2
the static values are T s2 = 236.13 K and ps2 = 29,375.55 Pa, assuming a Mach number of 0.5.
For calculating the riblet distance according to formula 4.5 (chapter 4), the velocity of the
flowing gas u and the kinematic viscosity ν are necessary. The velocity u was calculated with:
u = Ma
√
κRTs (A.3)
with R being the universal gas constant of 287 J/kgK. When using all given parameters the velocity
at the compressor inlet is u2 = 154.01 m/s.
The kinematic viscosity is:
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ν =
η
ρ
(A.4)
with η being the dynamic viscosity.
The total density was calculated with the formula:
ρt =
pt
RTt
(A.5)
The static density can be calculated with the following relation:
ρs
ρt
=
(
ps
pt
) 1
κ
(A.6)
The dynamic viscosity was calculated with the formula of Sutherland [131]:
η
η0
=
(
T0+TSu
T +TSu
)(
T
T0
) 3
2
(A.7)
For air, T0 is the reference temperature and η0 the reference viscosity,
T0 = 273.16 K and η0 = 1.71·10−5 Pas. TSu is the Sutherland temperature, for air it is TSu = 122 K.
For the temperature T , the static temperature is used. The kinematic viscosity based on the dy-
namic viscosity and the density is ν2 = 3.5·10−5 m2/s.
For calculating the values at the compressor outlet, the values for the fan outlet plane need to
be calculated first.
The temperature at the fan outlet T t13 can be calculated with:
T t13 = Tt2Π
R
cpηE
f an (A.8)
The energy conversion efficiency of the fan with ηE = 0.89 was used. The heat capacity cp can be
calculated with the following equation:
cp =
κR
κ−1 (A.9)
Using those values, the temperature at the fan outlet is T t13 = 288.32 K.
The pressure at the fan outlet pt13 can be calculated with:
pt13 = pt2Π f an (A.10)
This leads to pt13 = 55,753.04 Pa.
The temperature at the compressor outlet is calculated with:
T t3 = Tt13Π
R
cpηE
comp (A.11)
This gives a total temperature of T t3 = 763.48 K. Using equation A.1 the static temperature is
T s3 = 749.98 K.
The pressure at the compressor outlet is:
pt3 = pt13Πcomp (A.12)
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This gives pt3 = 1,045,369.5 Pa. Using equation A.2 the static pressure is ps3 = 982,092.97 Pa.
The velocity was calculated with equation A.3 and is u3 = 164.68 m/s.
The density, necessary for the calculation of the viscosity was again calculated with the equa-
tions A.5 and A.6. This leads by using equation A.7 to a viscosity of ν3 = 7.7·10−6 m2/s.
The pressure at the turbine inlet is approximately the same as the pressure at the compressor
outlet with only a few losses. Therefore pt4 = 0.99 pt3 = 1,034,915.81 Pa. The static pressure
is again calculated with equation A.2. This time instead of κ , κ ′ is used, because of the high
temperature of the gas. The static pressure is ps4 = 975,222.25 Pa.
For the temperature at the turbine inlet, T t4 = 1530 K were assumed. With equation A.1 the
static temperature was calculated to T s4 = 1507.61 K.
The velocity was calculated with equation A.3 and κ ′ was used instead of κ . The velocity
amounts u4 = 227.58 m/s.
The viscosity was calculated with the help of the equations A.5, A.6 and A.7. The viscosity is
ν4 = 2.4·10−5 m2/s.
For calculating the values at the turbine outlet, the values for the inlet of the low pressure
turbine need to be calculated first.
The temperature T t4.5 can be calculated with:
T t4.5 = Tt4− Phpturbm˙ccp (A.13)
m˙c is the mass flow which flows though the inner aeroengine. It can be calculated with:
m˙c =
m˙0
µ−1 (A.14)
The necessary heat capacity is calculated with equation A.9 using κ ′ .
The power of the high pressure turbine Phpturb is equal to the power of the compressor Pcomp.
The power of the compressor is:
Pcomp = m˙ccp (Tt3−Tt13) (A.15)
The power of the compressor is Pcomp = 21,984,702.88 Nm/s. This leads to T t4.5 = 1054.84 K.
The pressure at the low pressure turbine can be calculated with:
pt4.5 = pt4
(
Tt4.5
Tt4
) cp
RηE
(A.16)
For the calculation of cp, κ
′
was used. For the energy conversion efficiency, 0.9 was used. This
leads to a pressure pt4.5 = 199,348.81 Pa.
The power of the low pressure turbine Pl pturb is equal to the power of the fan P f an. The power
of the fan is:
Pf an = m˙0cp (Tt13−Tt2) (A.17)
The power of the fan is P f an = 8,112,342 Nm/s.
The temperature at the turbine outlet T t5 can now be calculated with:
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T t5 = Tt4.5− Pl pturbm˙ccp (A.18)
This leads to T t5 = 879.51 K. Using equation A.1 this leads to the static temperature T s = 844.67 K.
The pressure at the turbine outlet pt5 can be calculated using the following equation:
pt5 = pt4.5
(
Tt5
Tt4.5
) cp
RηE
(A.19)
For the calculation of cp, κ
′
was used. For the energy conversion efficiency, 0.91 was used. This
leads to a total pressure of pt5 = 88,323.46 Pa. Using equation A.2 this leads to the static pressure
ps5 = 75,045.39 Pa.
The velocity was calculated with equation A.3 and κ ′ was used instead of κ . The velocity
amounts u5 = 283.91 m/s.
The viscosity was calculated with the help of the equations A.5, A.6 and A.7. The viscosity is
ν5 = 9.3·10−5 m2/s.
The calculated values for the velocities and viscosities of the air in the different sections of
the aeroengine were used for the calculation of the riblet dimensions according to equation 4.5 in
chapter 4.
For the calculation of the riblet spacings along the compressor blade NACA-65 K48, equations
A.1 to A.7 were used (see chapter 4).
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B Abbreviations and Symbols
B.1 Abbreviations
CAD Computer Aided Design
CFD Computational Fluid Dynamics
CLSM Confocal Laser Scanning Microscopy
CWLM Confocal White Light Microscopy
EB-PVD Electron Beam Physical Vapor Deposition
EDX Energy Dispersive X-ray Spectroscopy
LIGA Lithographie Galvanik Abformung, German acronym for lithography, electrodeposi-
tion and molding
PBR Pilling-Bedworth Ratio
PVD Physical Vapor Deposition
SDS Sodium Dodecyl Sulfate
SEM Scanning Electron Microscopy
WLI White Light Interferometry
XRD X-Ray Diffraction
XRF X-Ray Fluorescence
B.2 Symbols
A whole sample surface
c f friction coefficient
cp heat capacity
d distance
E electric field strength
h height
I current
J current density
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kp parabolic rate constant
l length
m molecular weight of the oxide
M molecular weight of the metal
Ma Mach number
m˙0 total mass flow through aeroengine
m˙c mass flow through core of the aeroengine
∆m mass gain of the oxide
n number of metal atoms in the oxide molecule
p pressure
Pcomp power of the compressor
Pf an power of the fan
Phpturb power of the high pressure turbine
Pl pturb power of the low pressure turbine
ps static pressure
pt total pressure
R specific gas constant for air
r
′
density of the oxide
R
′
density of the metal
Ra arithmetical mean deviation of the peaks and valleys of a surface
Rz average distance between the highest peak and lowest valley in each sampling length
ReL Reynolds number based on the substrate length
s riblet spacing
s+ dimensionless riblet spacing
t oxidation time
T temperature
Ts static temperature
Tt total temperature
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T 0 reference temperature
T Su Sutherland temperature
u velocity of the flowing medium
U voltage
u∞ free-stream velocity
uw velocity at the wall
uτ wall shear stress velocity
w′ lateral component of the turbulent momentum transfer
δl thickness laminar boundary layer
δt thickness turbulent boundary layer
δv thickness viscous sublayer
η dynamic viscosity
η0 reference viscosity
ηE energy conversion efficiency
κ isentropic exponent
κ ′ isentropic exponent for hot gases
θ angle of incident X-ray beam to lattice plane
λ wave length
µ bypass ratio aeroengine
Πcomp pressure ratio for the compressor
Π f an pressure ratio for the fan
ν kinematic viscosity
ρ density of the flowing medium
ρs static density
ρt total density
σ electric conductivity
τ wall shear stress
0 index of the undisturbed flow far away from the aeroengine
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13 index of the outlet plane of the fan
2 index of the inlet plane of the compressor
3 index of the outlet plane of the compressor
4 index of the inlet plane into the turbine
4.5 index of the plane between high pressure turbine and low pressure turbine
5 index of the outlet plane of the turbine
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